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Abstract 
Zirconium tetrachloride (ZrF4) is extensively used in the manufacturing of zirconium metal.  The 
concept of producing zirconium tetrafluoride from dissociated zircon and ammonium bifluoride 
is well established at the South African Nuclear Energy Corporation (Necsa) State Owned 
Company (SOC) Limited. Zirconium and hafnium are always found in the same minerals. In 
nuclear application zirconium is used for structural construction and as a cladding material for 
fuel, because of the low thermal neutron absorption, while hafnium is used as control rod in 
nuclear reactor, because of the high thermal neutron absorption. The methods of separating 
hafnium from zirconium prefer the use of ZrCl4 than ZrF4. This is because of the high solubility 
in both aqueous solutions and organic solvents and low sublimation temperature of ZrCl4, while 
ZrF4 is almost insoluble in organic solvent and has a high sublimation temperature. 
Thermodynamic evaluations showed that chlorinating ZrF4 with either CaCl2, KCl, LiCl or NaCl 
respectively was not favourable, while chlorinating ZrF4 with either BeCl2 or MgCl2 was 
favourable. But due to cost consideration chlorinating ZrF4 with BeCl2 was not investigated. A 
thermogravimetric apparatus was used to investigate the isothermal and the non-isothermal 
kinetics of chlorinating analytical grade ZrF4 with MgCl2. The thermogravimetric apparatus 
revealed that chlorination of ZrF4 commence at temperature above 350°C. Isothermal kinetics of 
chlorinating analytical grade ZrF4 with MgCl2 was investigated at temperatures of 400, 450, 480, 
500°C. The reaction progressed towards completion prematurely before the isothermal 
temperatures were reached, due to a low heating rate of 20 °C/minutes was used to heat up the 
reaction mixture to the desired isothermal temperatures. As a result, the isothermal kinetics could 
not be determined. Heating rates of 5, 10, 15 and 20 °C/minutes were used to investigate the 
non-isothermal kinetics. The apparent activation energy of chlorinating ZrF4 with MgCl2 varied 
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significantly when the non-isothermal kinetics was investigated. The variation was due to 
changes in the reaction mechanism. As a result, rate law of chlorinating ZrF4 with MgCl2 could 
not be determined due to variation of the apparent activation energy. Crude ZrF4 prepared at 
Necsa SOC ltd. was chlorinated with MgCl2, a mixture of MgCl2 and KCl, a mixture of MgCl2 
and LiCl, and a mixture of MgCl2 and NaCl respectively. Chlorination of the crude ZrF4 was 
conducted at temperatures of 400, 450 and 500°C respectively. The aim of chlorinating the crude 
ZrF4 was to investigating the effect of the chlorinating on the purity of the produced ZrCl4. A 
batch reactor was used in this study. The reactor was divided into two sections, namely the 
reaction zone and the condensation zone. The diameter of the condensation zone was larger than 
that of the reaction zone. Reactants were placed into the reaction zone and the products were 
collected at the reaction zone and the condensation zone. Samples were collected from these 
products and analysed using for X-Ray Diffraction analysis (XRD) and Inductive Coupled 
Plasma Optical Emissions Spectroscopy (ICP-OES). XRD was used to identify the compounds 
that were present in the products and ICP-OES was used to determine the concentration of the 
elements that were present in the products. The analysis of the results obtained showed that the 
highest recovery of zirconium in the products collected from the condensation zone, the 
sublimed products, was achieved by chlorinating ZrF4 with MgCl2 at 500°C. About 80% was 
recovered. About 96% of the concentration of the impurities in the sublimed products was 
reduced when ZrF4 was chlorinated with a mixture of MgCl2 and LiCl at 450°C. About 36% of 
hafnium in the sublimed products was reduced when ZrF4 was chlorinated with a mixture of 
MgCl2 and NaCl at 400°C. 
Key Terms: Zirconium tetrachloride; Zirconium tetrafluoride; Fluorinating zircon; Metatheses 
reaction; Chlorinating agent; Magnesium chloride; Solid-solid reaction; Solid state kinetics; 
Zirconium purification; Zirconium-hafnium separation  
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Chapter One 
1.0 Introduction 
In this chapter, the background and motivation, the aim and objectives, the scope and the 
expected contribution of this study are discussed.  
 
1.1 Background and motivation 
South Africa is rich with minerals, yet almost all the minerals are exported with little or no 
beneficiation. This results in a loss of an opportunity to earn more revenue for the country. In 
2003, the Department of Science and Technology (DST) partnered with three research councils, 
namely: The South African Nuclear Energy Corporation SOC Limited (Necsa), Council for 
Mineral Technology (Mintek) and Council for Scientific and Industrial Research (CSIR), to 
develop a program, known as the Advanced Metals Initiative (AMI), to conduct research in 
developing methods of  beneficiating minerals from South African. (Monnahela, 2008; Van 
Tonder, 2010) 
 
The Advanced Metals Initiative consists of four networks namely: 
i. Light Metals Development Network: where CSIR coordinates the research activities in 
the production of titanium, aluminum and magnesium. 
ii. Precious Metals Development Network: where Mintek coordinates the research 
activities in the production of gold and the Platinum Group Metals (PGMs). 
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iii. Ferrous and Base Metals Development Network: where Mintek coordinates the 
research activities in the production of ferrous and base metals. 
iv. New Metals Development Network: where Necsa coordinates the research activities in 
the production of zirconium, hafnium, tantalum and niobium. 
 
This study falls under the New Metals Development Network, for the synthesis of nuclear grade 
zirconium metal.  Currently Necsa is busy with the development of a process that is similar to the 
conventional Kroll process, to produce nuclear grade zirconium sponge that will meet the 
specification of the ASTM B 349/B 349M-03 standard (Standard Specification for Zirconium 
Sponge and Other Forms of Virgin metal for Nuclear Application). The only difference is that 
the process at Necsa is a continuous process instead of the batch Kroll process. The recent 
research activities being conducted at Necsa are summarized in Figure 1.1.  
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Plasma dissociation of zircon
(Havenga and Nel, 2012)
Purification of ZrF4 by sublimation
(Monnahela, 2008)
Manufacturing of ZrF4 from ammonium bifluoride 
and dissociated zircon
(Makhofane et al., 2012; Nel et al., 2010)
Conversion of ZrF4 to ZrCl4
(new addition to the AMI Zr-metal process)
Reduction of ZrCl4 to Zr metal
(Nel et al., 2012)
 
Figure 1.1: AMI Process at Necsa for Zr-metal production 
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1.2 Aim and objectives 
The aim of this study is to investigate the effect of a chlorinating agent on the purity of the 
produced zirconium tetrachloride. This aim is expected to be achieved through the following 
objectives: 
i. Identification of suitable chlorinating agent using thermodynamics calculations. 
ii. Study the influence of the selected chlorinating agent on the purity of the formed 
zirconium tetrachloride. 
iii. Investigate the addition of chloride compounds, such as KCl, LiCl and NaCl, to the 
selected chlorinating agent to enhance the purification of the formed zirconium 
tetrachloride.  
iv. To determine the optimum temperature to synthesize purified zirconium tetrachloride 
from zirconium tetrafluoride and the selected chlorinating agent. 
 
1.3 Scope of the study  
The study focuses on chlorinating of ZrF4 with a suitable chlorinating agent selected by 
thermodynamics calculations and simulations. Upon identification of a suitable chlorinating 
agent, chloride salts such as LiCl, KCl and NaCl will be added to the chlorinating agent to study 
their effect on the yield of zirconium sublimed as the tetrachloride or the purity of the sublimed 
zirconium tetrachloride. 
1.4 Expected new contribution to existing knowledge  
The following outcomes are expected after the completion of this study: 
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 The synthesis of high purity zirconium tetrachloride from zirconium tetrafluoride. 
 A simplified laboratory method of reducing impurities from zirconium by converting 
zirconium tetrafluoride to zirconium tetrachloride. 
 The determination and optimization of a chlorinating agent to produce zirconium 
tetrachloride. 
 The production of a purified precursor for nuclear grade zirconium metal. 
 
1.5 Structure of the dissertation 
This dissertation is composed of seven chapters. Chapter 1 is the introduction which contains the 
background information of the study. The aims and objectives of this work are stated in this 
chapter, followed by the scope and the expected contribution of this study to the body of 
scientific knowledge. 
Chapter 2 is a literature review which highlights the chemistry and industrial applications of 
zirconium tetrachloride and zirconium tetrafluoride. The sources of zirconium and the methods 
of manufacturing zirconium tetrachloride and zirconium tetrafluoride are also discussed in this 
chapter, followed by the methods of purifying zirconium tetrachloride and separation of 
zirconium and hafnium.  
Chapter 3 is the theoretical thermodynamic selection of a suitable chlorinating agent. The 
calculated Gibbs free energy and simulated equilibrium compositions were used to select a 
suitable chlorinating agent. 
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The materials and methods used during this work are highlighted in Chapter 4. In this chapter, 
the compositions of the reactants are reported. The method of investigating the isothermal and 
non-isothermal kinetics of chlorinating analytical grade zirconium tetrafluoride is also stated in 
this chapter, followed by the equipment and method of chlorinating zirconium tetrafluoride 
prepared at Necsa. 
The results obtained from chlorinating zirconium tetrafluoride are presented in Chapter 5. The 
results obtained from investigating the kinetics of chlorinating zirconium tetrafluoride are 
discussed.  The pressure response, material balance, the yield of zirconium and the XRD results 
obtained from chlorinating zirconium tetrafluoride produced at Necsa are also discussed in this 
chapter. 
In this Chapter 6, the results of purifying zirconium as a result of chlorinating zirconium 
tetrafluoride to produce zirconium tetrachloride are discussed. Chapter 6 also highlights the 
comparison between the purity of the sublimed products and the yield of zirconium. 
Chapter 7 is the conclusions and recommendations which summarise this study. Conclusions are 
drawn from the analyses of the results obtained and recommendations are made in this chapter. 
Chapter Two        Literature review 
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Chapter Two 
2.0. Literature review  
The literatures consulted during this study are discussed in this chapter. The sections in this 
chapter highlight: the chemistry and applications of zirconium tetrachloride and zirconium 
tetrafluoride, methods of purifying zirconium tetrachloride as well as separating zirconium and 
hafnium, methods of preparing zirconium tetrachloride and zirconium tetrafluoride, and also the 
sources of zirconium.  
The literature search was conducted using Google for a preliminary search. Keywords such as 
“Production of ZrF4”, “Production of ZrCl4”, “Purification of ZrCl4” and “Separation of Hafnium 
and Zirconium” were used. The search on Google led to a site called Free Patent online. On this 
site numerous patents were found which describe inventions in areas of processing zircon, 
production of ZrCl4 and ZrF4, purification of ZrCl4 and also separation of hafnium and 
zirconium. 
Only a few articles were found in open journals. Two encyclopaedias, Ullmann’s Encyclopedia 
of Industrial Chemistry, Volume 28 and Kirk-Othermer Encyclopedia of Chemical Technology, 
Volume 26, a book by Blumenthal, The Chemical Behavior of Zirconium, and a book by Miller, 
Metallurgy of the Rarer Metals-2, were also used to write this chapter.   
 
2.1. Chemistry of ZrCl4 and ZrF4 
Zirconium tetrafluoride and tetrachloride are white crystalline powders. Zirconium tetrachloride 
hydrolyzes completely when it comes in contact with water or moisture. Only a fraction of 
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zirconium tetrafluoride hydrolyzes and the rest precipitate as zirconium tetrafluoride 
monohydrate. Zirconium tetrafluoride trihydrate precipitate only if the solution is acidified by 
10-30 wt% hydrofluoric acid. Hydrolysis of ZrCl4 is depicted in Equation 2.1 and hydration of 
ZrF4 is depicted in Equation 2.2 (Larsen, 1970; Nielsen et al., 2004).  
                                 2.1 
                           2.2 
Where n = 1 or 3 
Zirconium tetrachloride is insoluble in covalent solvent that does not contain oxygen or nitrogen. 
However, it dissolves in alcohol, ether, formaldehyde, acetone, pyridine, phosphorus 
oxychloride, selenium oxychloride, sulphur dioxide, nitrosyl chloride, and molten chloride salts 
of alkali and alkaline earth metals. Zirconium tetrafluoride is virtually insoluble in organic 
solvents but it is soluble in molten alkali fluoride (Blumenthal, 1958; Nielsen et al., 2004). The 
properties of ZrCl4 and ZrF4 are summarized in Table 2.1. 
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Table 2.1: Properties of solid monoclinic ZrCl4 and ZrF4 
Property  ZrCl4 ZrF4 
Molecular weight, g.mol
-1
 233.03 167.21 
Density, g.cm
-3
 2.80 4.43 
Melting point, °C 437 932 
Sublimation temperature, °C at 101.325 kPa 331 600 
Heat of fusion, kJ.mol
-1
 33.5 64.26 
Heat of sublimation, kJ.mol
-1
 119.76
a
 240.0 
Standard heat of formation, kJ.mol
-1
 at 25 °C -981.0 -1911.3 
Standard entropy of formation,J.K
-1
.mol
-1
 at 25 °C 182.05 104.70 
Heat capacity, J.K
-1
.mol
-1
,   
            
 a 
 b x 10
3
 
c x 10
-5
 
 
119.19 
23.614 
5.627 
 
115.613 
20.5 
16.0051 
Vapour pressure,             ⁄  
A 
B 
T (K) range 
 
10.891 
5400 
480-689 
 
12.682 
12430 
681-913 
a
 Heat of sublimation of ZrCl4 is the average of values reported by Van Der Vis et al. (1997)  
Both ZrCl4 and ZrF4 form stable complexes or double salts with the corresponding chloride or 
fluoride of an alkali or an alkaline metal, such as Li
+
, Na
+
, K
+
, Rb
+
, Cs
+
, Sr
2+
, Ba
2+
. Stability of 
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the complex increases with increasing the atomic radii of alkali or alkaline metal (Flengas et al., 
1977; Larsen, 1970; McLaughlin et al., 1989; Nielsen et al., 2004).  The complexes formed with 
Mg
2+
 or Ca
2+
 are too unstable to exist as pure compound (McLaughlin et al., 1989).  
 
Zirconium tetrachloride can be reduced to lower valence zirconium chlorides, such as trichloride, 
dichloride and monochloride. The lower valance zirconium chlorides are formed by reducing the 
tetrachloride with; Zr or Al or Sn or Zn (Blumenthal, 1958; Newnham, 1957). Apart from metal 
reduction, the trichloride can also be prepared by electrolysis of ZrCl4 in a molten salt (Kirihara 
et al., 1989; Kirihara et al., 1990; Kirihara et al., 1991). An attempt to reduce ZrF4 with 
zirconium was not successful, but zirconium trifluoride was prepared by reacting zirconium 
hydride with a mix gaseous stream of hydrogen and hydrogen fluoride (Nielsen et al., 2004).  
 
Zirconium tetrafluoride has three crystal structures and an amorphous modification in the solid 
phase. Only two of the crystal structure has been identified as the monoclinic and the tetragonal 
crystal structures, the third crystal structure has not yet been identified.  The tetragonal, the 
unidentified and the amorphous zirconium tetrafluoride transform irreversibly to monoclinic 
zirconium tetrafluoride at temperatures ranging from 400 to 450 °C (Larsen, 1970; Van Der Vis 
et al., 1997). In the monoclinic crystal structure of zirconium tetrafluoride, each zirconium atom 
is coordinated by eight fluorine atoms in the form of a square Archimedean antiprism and each 
fluorine atom is coordinated by two zirconium atoms (Larsen, 1970). The bond distance between 
Zr and F varies from 2.03 Å to 2.18 Å. 
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Zirconium tetrachloride has been reported to have two crystal structures namely; monoclinic and 
cubic crystal structures in the solid phase. Monoclinic crystal structure of zirconium tetrachloride 
transform to the cubic structure at 265 °C (Van Der Vis et al., 1997). Zirconium tetrachloride is 
polymeric, with zirconium and chlorine atoms arranged in an octahedra zigzag chain in a way 
that each zirconium has two pairs of bridging chlorine anions and two terminal chlorine anions. 
The two bridging Zr-Cl bond have unequal bond length of 2.498 Å and 2.655 Å, while the two 
terminal Zr-Cl have an equal bond length of 2.307 Å (Larsen, 1970; Nielsen et al., 2004). The 
crystal parameters of monoclinic ZrCl4 and ZrF4 are depicted in Table 2.2. 
 
Table 2.2: Crystal parameter of monoclinic crystal structure of ZrCl4 and ZrF4 
Parameter ZrCl4 ZrF4 
Monoclinic space group    ⁄     
     ⁄  
a (Å) 6.361 9.57 
b (Å) 7.407 9.93 
c (Å) 6.256 7.73 
β (°) 109.30 99.47 
Z 2 12 
 
2.2. Uses of ZrCl4 and ZrF4 
High purity ZrCl4 and ZrF4 are used for manufacturing of zirconium metal by electrolysis or 
reduction with either an alkali metal or an alkaline metal, such as Na, K, Mg and Ca 
Chapter Two        Literature review 
12 
 
(Blumenthal, 1958; Wilhelm et al., 1953). Other uses of ZrCl4 and ZrF4 that have been widely 
discussed in the literature are summarised below:  
i. ZrCl4 is used for the preparation of printing paste (Blumenthal, 1958). 
ii. ZrCl4 is used as a Friedel-Craft catalyst for the synthesis of ketones and also a component 
of Ziegler- type catalyst (Patnaik, 2003; Blumenthal, 1958; Heine at al, 1946) 
iii. ZrCl4 is used in regulation of electrical barriers (Blumenthal, 1958). 
iv. ZrCl4 is used in welding fluxes (Blumenthal, 1958). 
v. ZrCl4 is also used in the separation of hafnium from zirconium (Blumenthal, 1958). 
vi. ZrF4 is one of the major constituent of the ZBLAN glass (ZrF4-BaF2-LiF-AlF3-NaF) 
which are used as laser widows, fiber optic element, etc., because the glasses exhibit high 
optical transparency from the near ultraviolet to the mid-infrared (Nielsen et al., 2004; 
Nielsen et al., 1996; Robinson et al, 1982; Sommers et al., 1991). 
vii. ZrF4 can be used as a cracking catalyst for heavy hydrocarbon (Darling, 1948; Darling, 
1950), or a mixture of ZrF4 and ZrO2 can be used as a catalyst for the production of 
various organic chloro flouro compounds (Bandes, 1955; Tanuma et al., 2009). 
viii. A mixture of ZrF4 and NaF is used as a fuel coolant for Nuclear Reactors (Casino et al., 
2009; Forsberg et al., 2004). 
 
2.3. Sources of zirconium 
Zirconium, in a chemically combined form, is widely distributed in nature (Blumenthal, 1958). 
The earth’s crust has an estimated zirconium content of more than 0.028% (Miller, 1957). The 
main sources of zirconium are the mineral zircon (ZrSiO4), baddeleyite (ZrO2) and other 
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complex minerals, particularly silicate minerals. According to the literature studied by Miller 
(1958); granite contain approximately 333 ppm zirconium, volcanic rocks contain approximately 
250 ppm of zirconium, effusive rock contain approximately 222 ppm of zirconium and stony 
meteorites contain approximately 83 ppm (Miller, 1957). 
 
Zirconium can be found in water in the form of a carbonate complex and lower concentrations of 
zirconium are also present in coal and living organisms (Miller, 1957). Zircon is the most widely 
distributed and abundant mineral containing zirconium (Miller, 1957). Zircon is produced as a 
co-product of titanium bearing minerals, such as ilmenite and rutile, from heavy mineral sand 
(Kenmare Resources plc, 2012; Industrial Mineral Magazine, 2010; William et al., 2006).  
 
Zircon is the most stable and chemically inert material (Miller, 1957). It does not react with any 
chemical reagent at ordinary temperature or with any aqueous reagents at their boiling point. 
However, it become chemically active when sintered with alkalies, molten alkalies, or by thermal 
dissociation (Miller, 1957). Zircon is processed to usable zirconium compounds using methods 
such as carbo-chlorination (Equation 2.3) at 1100 °C, caustic fusion (Equation 2.4) at 650 °C, 
fluorosilicate fusion (Equation 2.5) at 700 °C, lime fusion (Equation 2.6) and carbiding 
(Equation 2.7) at 2500 °C in an open arc furnace (Nielsen et al., 2004; ). In 2011 Nel and co-
workers (Nel et al., 2011) studied the processing of zircon with a solution of ammonium acid 
fluoride at 240 °C over a period of 4 hours in a microwave, the processing of zircon in a 
microwave is depicted in Equation 2.8.  
ZrSiO4 + 4C + 4Cl2 → ZrCl4 + SiCl4 + 4CO      2.3 
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ZrSiO4 + 4NaOH → Na2ZrO3 + Na2SiO3 + 2H2O       2.4 
ZrSiO4 + K2SiF6 → K2ZrF6 + 2SiO2       2.5 
2ZrSiO4 + 5CaCO3 → 2CaZrO3 + (CaO)3(SiO2)2 + CO2    2.6 
ZrSiO4 + 3C → Zr(C,N,O) + SiO + 3CO      2.7 
3ZrSiO2 + 16NH4F.(HF)1.5 → 3(NH4)3ZrF7 + 3(NH4)2SiF6 + 12H2O + NH4F 2.8 
 
2.4. Preparations of ZrCl4 and ZrF4 
2.4.1. Zirconium tetrachloride 
Commercially crude zirconium tetrachloride, ZrCl4, is produced by carbochlorination of zircon. 
Once milled, zircon is mixed with carbon and reacted with chlorine gas at ca. 1100 °C.  The 
reaction result in the formation of gaseous ZrCl4, SiCl4 and CO, which is cooled down to 200 °C 
to condense ZrCl4 from the gaseous stream. The warm gaseous stream is contacted counter 
currently with liquid SiCl4 at - 20 °C to remove SiCl4 from the stream. The reaction of 
carbochlorination of zircon is given in Equation 2.3. 
              
 
                        2.3 
Alternatively ZrCl4 can be manufactured by the chlorination of zirconium carbonitride which is 
produced from carbiding zircon. Zircon is treated with low amount of carbon and air in an 
electric arc furnace at ca. 2500 °C, which result in the formation of zirconium carbonitride, 
gaseous silicon monoxide and carbon monoxide according to Equation 2.9. Low amount of 
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carbon is used to prevent the formation of silicon carbide. The monoxides of carbon and silicon 
are evolved from the furnace leaving behind zirconium carbonitride. 
         
    
→    (     )                 2.9 
Zirconium carbonitride is then treated with chlorine gas at temperatures ranging from 700 to 
1200 °C to produce ZrCl4, carbon monoxide, and nitrogen gas according to Equation 2.10. 
  (     )       
 
       (     )      2.10 
Zirconium tetrachloride can also be produced from zirconium tetrafluoride, potassium 
fluorozirconate and zirconium pyrophosphate by a metathesis reaction with an alkaline earth 
chloride salt such as magnesium chloride (Blumenthal, 1958).  The metathesis reactions of 
producing ZrCl4 are depicted in Equations 2.11 to 2.13. 
                              2.11 
                                    2.12 
                                  2.13 
 
2.4.2. Zirconium tetrafluoride 
Zirconium tetrafluoride is produced commercially by reacting zirconyl nitrate solution with 
hydrofluoric acid according to the method patented by Craigen et al., (1972). The initial step of 
the process is to prepare a zirconyl nitrate by dissolving zirconium hydroxide in a solution of 
nitric acid followed by the removal of undissolved zirconium hydroxide from the solution by 
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filtration. The filtrate, zirconyl nitrate, is fed simultaneously with 70 wt% concentrated 
hydrofluoric acid to the reaction vessel, where zirconium tetrafluoride monohydrate and nitric 
acid are formed. 
 
The monohydrate precipitates and separated from the nitric acid solution by filtration. The nitric 
acid is recycled back to dissolve more zirconium hydroxide. The precipitated zirconium 
tetrafluoride monohydrate is dried in two stages, where the first stage is conducted at 200 °C and 
the second stage between 300 and 325 °C. The dried product is polished at 400 °C in the 
presence of anhydrous hydrogen fluoride gas. The polished zirconium tetrafluoride is stabilized 
at 600 °C in the presence of a dry inert gas, while removing the entrained hydrogen fluoride gas 
from the zirconium tetrafluoride at the same time (Craigen et al., 1972). 
 
Zirconium tetrafluoride can also be produced by cracking zircon with potassium fluorosilicate. 
Zircon is reacted with potassium fluorosilicate at ca. 700 °C, according to Equation 2.14, to 
produce a mixture of potassium fluorozirconate and silicon dioxide. The product is milled 
followed by leaching the fluorozirconate with a hot diluted solution of hydrofluoric acid, 
followed by the removal of silicon dioxide by filtration. Potassium fluorozirconate precipitate 
once the hot hydrofluoric acid solution is allowed to cool down. Thermal decomposition of 
potassium fluorozirconate produces zirconium tetrafluoride and potassium fluoride according to 
Equation 2.15.  
             
 
                    2.14 
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                 2.15 
Necsa developed a process of producing zirconium tetrafluoride by reacting plasma dissociated 
zircon with ammonium bifluoride at ca. 180 °C, which result in the formation of ammonium 
fluorozirconate and ammonium fluorosilicate (Makhofane et al., 2012; Nel et al., 2010). 
Ammonium fluorosilicate is removed from ammonium fluorozirconate by sublimation, while the 
ammonium fluorozirconate is converted to zirconium tetrafluoride by thermal decomposition. 
The overall Necsa process is depicted in Equations 2.16 to 2.19. Crude ZrF4 used in this study is 
produced from this method. 
ZrO2.SiO2 + 8NH4HF2 → (NH4)3ZrF7 + (NH4)2SiF6↑ + 3NH4F↑ + 4H2O↑  2.16 
(NH4)3ZrF7 → (NH4)2ZrF6 + NH4F↑       2.17 
(NH4)2ZrF6 → (NH4)ZrF5 +NH4F↑       2.18 
(NH4)ZrF5 → ZrF4 +NH4F↑        2.19 
 
2.5. Purification and separation of hafnium from zirconium 
Solvent extraction, distillation, reduction, etc. are some of the techniques used for separation of 
zirconium and hafnium (Xu et al., 2010; Miller, 1957). Hafnium and zirconium have similar 
properties, thus making the separation of the two metals extremely difficult in their elemental 
form (McLaughlin, 1989; Lee et al., 1990). As a result, the compounds of zirconium and 
hafnium are used in the separation of the two metals; with the tetrachloride or the tetrafluoride 
being highly preferred (Spink, 1976).  
Chapter Two        Literature review 
18 
 
Zirconium ore contains other elements, apart from hafnium, such as iron, aluminium, silicon, 
magnesium, barium, titanium, etc. as impurities which are carried over with the zirconium after 
cracking the zirconium ore (Horrigan et al., 1959; Carlson et al., 1963). For zirconium to 
conform to the ASTM standards for nuclear applications, such impurities must be removed from 
zirconium. Removal of impurities before separation of zirconium and hafnium minimize the 
interference of such impurities in the separation techniques. In the subsections to follow the pre-
purification of crude ZrCl4 and the separation of zirconium and hafnium are discussed. 
 
2.5.1. Pre-purification of ZrCl4 
Pre-purification of crude ZrCl4 is vital to the separation of zirconium and hafnium, because some 
of the impurities interfere with the separation technique, whether pyrometallurgical or 
hydrometallurgical. It is in the best interest of the nuclear industry to recover pure zirconium and 
hafnium metal, because both metals have a role to play in the nuclear reactors in their pure form.   
 
Hafnium free zirconium metal is used in the structural construction and as well as a cladding 
material for fuel in nuclear reactors, this is due to the lower thermal neutron absorption cross-
section of 0.185 barns for 2200 m.s
-1 
neutrons (Benedict et al., 1981). Hafnium is used as control 
rod in nuclear reactor, due to the higher thermal neutron absorption cross-section of 102 barns 
for 2200 m.s
-1 
neutrons (Benedict et al., 1981). Challenges encountered while separating 
zirconium and hafnium by hydrometallurgical or pyrometallurgical methods are summarised 
below: 
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i. According to Snyder et al. (1992), iron chloride inhibits downstream separation process 
for producing nuclear grade zirconium metal and hafnium metal. 
ii. Miller (1961) observed that iron has a tendency of accelerating the formation of polymers 
in the MIBK-HSCN separation of zirconium and hafnium. The polymers are formed by 
the reaction of the products resulting from decomposition of the thiocyanic acid.  
iii. Titanium is partitioned between the aqueous and the organic phase in nitric acid-trybutyl 
phosphate separation of zirconium and hafnium (Owens, 1966). 
iv. Chloride impurities of Fe, Al, Ti, Si, Nb, Ta, U and Th reduce the efficiency of the 
extractive distillation column by forming stable non-volatile complexes or double salts 
with the molten chloride salts solvent (Kim et al., 1975; McLaughlin, 1989). The formed 
complexes reduce the solubility of ZrCl4 in the molten salt solvent as well as increasing 
the temperature required to keep the solvent in the molten state. 
v. McLaughlin (1989), while investigating phosphorus oxychloride as a solvent in 
extractive distillation for separating zirconium and hafnium, found that the accumulation 
of iron chloride in the solvent result in column instability. He tried to remedy the 
situation by increasing the operating temperature but stable operation was maintained for 
a short period.  
vi. Aluminium chloride is considered to be a corrosive molten salt, hygroscopic and 
extremely difficult to handle at high temperatures (Lee et al., 1990). 
 
Removal of impurities that are carried over with ZrCl4 during chlorination of zircon has been 
widely investigated to eliminate problems associated with such impurities during separation of 
zirconium and hafnium. Complex or double salts formation and modification of the zircon 
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chlorination process are some of the methods used to purify ZrCl4. The methods of purifying 
ZrCl4 are described in the following paragraphs. 
 
Purification of ZrCl4 is dominated by complex or double salt formation method. This method is 
used in conjunction with technologies such as distillation, sublimation, vaporisation and 
absorption. The complex formation methods of purifying crude ZrCl4 that are well documented 
in the literature are summarised below: 
i. Lee et al. (1990), reduced the concentration of impurities by contacting a vapour of ZrCl4 
with a molten salt made from a mixture of KCl-NaCl in an absorbtion column. The 
purified ZrCl4 was recovered at the top of the absorption column, while the molten salt 
concentrated with impurities was recovered at bottom of the absorption column. The top 
of the absorption column was operated at temperatures ranging from 300 to 375 °C while 
the bottom was maintained at temperatures ranging from 450 to 550 °C. 
ii. Greenberg et al. (1962) used a column packed with steel wool and CaCl2 to reduce the 
concentration of impurities present in ZrCl4. This was achieved by passing a vapour of 
ZrCl4 through the packed column maintained at 357 °C. Similarly, Campbell (1977) 
removed iron chloride from a gaseous stream by passing the gaseous stream through a 
column packed with activated alumina impregnated with either KCl or NaCl. 
iii. Lee (1991), Schott et al. (1960) and Carlson et al. (1963) produced a melt of ZrCl4 with a 
mixture of KCl and NaCl at temperatures below the sublimation of ZrCl4.  The ZrCl4 was 
removed by vaporization at temperatures above sublimation of ZrCl4, while the 
impurities were retained in the melt. 
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iv. Horrigan et al. (1959) fused ZrCl4 with KCl at ca. 225 °C. Purification was achieved by 
subliming ZrCl4 at 400 °C while the impurities were retained by KCl.   
A comparison of the complex formation methods used to purify ZrCl4 are given in Table 2.3. 
The purification factors given in Table 2.3 shows that the complex formation methods are 
efficient in reducing the concentrations of impurities that was present in ZrCl4. The method of 
Greenberg (1962) and co-workers achieved the highest reduction of the concentration of 
impurities that were present in ZrCl4.   
Table 2.3: Comparison of the complex formation methods of purifying ZrCl4 
Method Impurities in crude ZrCl4 % Purification  References 
Initial (ppm) Final (ppm) 
Absorption 2805 100 96 Greenberg et al. (1962) 
Vaporization 2119 455 79 Carlson et al. (1963) 
Vaporization 1856 237 87 Schott et al. (1960) 
Sublimation 3000 193 94 Horrigan et al. (1959) 
 
Snyder et al. (1992) and Walsh et al. (1992), both made improvements to the process of carbo-
chlorinating zircon. Both processes of Snyder et al. (1992) and Walsh et al. (1992) result in 
ZrCl4 that is almost “free” of contaminants, such CO, C, SiCl4 and contaminating metallic and 
non-metallic chloride. The two processes are described as follow: 
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Snyder et al. (1992) pre-cooled the gaseous product from the zircon chlorinator to ca. 600 °C to 
solidify chlorides of Ni and Cr. Chloride of Ni and Cr together with the solid particulates that are 
entrained in the gaseous stream are removed by filtration. The solid free gaseous stream is screen 
through a diffusion barrier. The diffusion barrier uses a microporous media with a high surface 
area such as silica gel, alumina silica gel, molecular sieves, fuller’s earth, etc. Iron (III) chloride 
adsorb on the diffusion barrier, while SiCl4 is partitioned into a fast stream with low 
concentration of ZrCl4 and a slow stream concentrated with ZrCl4. ZrCl4 from the slow stream is 
removed by condensation.  
 
Walsh et al. (1992) reacted gaseous product from the zircon chlorinator with a reducing gas of 
hydrogen diluted with nitrogen. The reaction converted some of the impurities to be non-volatile, 
while others impurities were more volatile than ZrCl4. Non-volatile impurities were removed by 
filtration from the gaseous steam of ZrCl4/SiCl4. ZrCl4 was removed by condensation, while 
volatile impurities remained in the gaseous stream of SiCl4. 
 
2.5.2. Solvent extraction 
The high degree of selectivity between complexes of zirconium and hafnium in solvent 
extraction has made the process commercially attractive for separating the two metals. In solvent 
extraction, the aqueous solution of zirconium and hafnium is contacted with an immiscible 
organic solvent to effect separation by preferential extraction of either zirconium or hafnium 
(Vianna da Silva Jr., 1996).  Tributyl phosphate (TBP) and methyl isobutyl ketone (MIBK) are 
the two dominant commercial processes used for separation of zirconium and hafnium, with TBP 
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been the oldest process practiced (Monnahela, 2008; Vianna da Silva Jr., 1996). The TBP 
process was abandoned by the USA towards the end of 1950 and by France in 1978, but the 
process is still being practiced in India (Monnahela, 2008).  
 
In the TBP process, the material containing zirconium and hafnium is solubilised with nitric acid 
to obtain the two metals in solution (Cox et al., 1958; Owens, 1966). The nitric acid solution 
containing zirconium and hafnium is contacted with trybutyl phosphate diluted in either heptane 
or kerosene to effect separation (Cox et al., 1958; Vianna da Silva Jr., 1996). Upon contact of the 
solution and the solvent, zirconium migrate towards the diluted trybutyl phosphate (organic 
phase) while hafnium and impurities remain in the nitric acid solution (aqueous phase). 
Zirconium is stripped from the diluted trybutyl phosphated solvent by either distilled water or 
diluted sulphuric acid and the solvent is recycled back for further extraction. Hafnium is 
recovered from the nitric acid solution contaminated with impurities by repeating the extraction 
with diluted trybutyl phosphate. Similar to zirconium, hafnium is stripped by either distilled 
water or diluted sulphuric acid from trybutyl phosphate (Cox et al., 1958; Miller, 1957). 
 
The United States of America adopted the MIBK process after abandoning the TBP process. The 
MIBK process operates differently to the TBP process, but the principal of separation remain the 
same. Initially ZrCl4 is solubilised with hydrochloric acid. The hydrochloric acid solution of 
ZrCl4 is contacted with methyl isobutyl ketone followed by the addition of thiocyanate as 
ammonium thiocyanate, to effect separation of zirconium and hafnium (Miller, 1961). The 
thiocyanate complex of hafnium is preferentially extracted into the methyl isobutyl ketone 
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(organic phase) (Larsen, 1970; Miller, 1957), while zirconium and impurities remain in the 
solution of hydrofluoric acid. Post treatment of the solution of hydrochloric acid is required to 
recover zirconium while the impurities remain in the solution. 
 
2.5.3. Distillation  
Separation of zirconium and hafnium is achieved by either direct distillation or by extractive 
distillation. Direct distillation requires high operating pressure, ranging from 2.5 to 3 MPa, to 
achieve separation of ZrCl4 and HfCl4 in the liquid phase (McLaughlin, 1989; Niselon et al., 
2009). Extractive distillation uses a solvent with a low melting point temperature and low vapour 
pressure, such as alkali metal chloride salts eutectics (Niselon et al., 2009; Tangri et al., 1995). 
 
With optimization of the solvent used, extractive distillation can be conducted almost at 
atmospheric pressure, which makes it an industrial viable process as compared to the direct 
distillation technique for separation of hafnium from zirconium (Niselon et al., 2009; Tangri et 
al., 1995). Zirconium rich mixture can be recovered as  either a liquid at the bottom or as a 
vapour at the top of the column depending on the extraction solvent used, while hafnium rich 
mixture is obtained the other way round (Delons et al., 2010).   
Methods of separating zirconium and hafnium by distillation are well documented in the US 
Patent office. The types of solvent and conditions used to achieve the separation of hafnium and 
zirconium are summarised in Table 2.4. Amongst the methods summarised in Table 2.4, only the 
method that was developed by Besson has been commercialized. The method of Besson is 
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currently practiced commercially in France to produce hafnium “free” zirconium tetrachloride 
(Monnahela, 2008). 
 
Table 2.4: Solvents and conditions of separating HfCl4 and ZrCl4 by distillation 
Solvent or liquid 
phase 
Column temperature Final Hf content in 
Zr   
Reference 
ZnCl2-PbCl2 Isothermal, 380 °C >100 ppm McLaughlin et al. (1988) 
NaCl-KCl Top = 325 °C 
Bottom = 400 °C 
50 ppm Spink (1976) 
POCl3 Not specified Not specified McLaughlin (1989) 
ZrCl4-LiCl-KCl Isothermal,360 °C Not specified McLaughlin et al. (1989) 
AlCl3-KCl Top = 350 °C 
Bottom = 500 °C 
25 ppm Besson et al. (1977) 
SnCl2 Top = 350 °C 
Bottom = 535 °C 
Not specified Plucknett (1957) 
Crude ZrCl4 at  
30 bar 
Top = 440 °C 
Bottom = 486 °C 
60 ppm Bromberg (1958) 
 
2.5.4. Separation by Reduction 
Purification of ZrCl4 by reduction depends on the difference in reducibility between ZrCl4, HfCl4 
and other chloride impurities. Separation of hafnium and zirconium is achieved by either making 
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use of a reducing agent or electrolytic reduction to reduce Zr
+4
 to the lower valences of 
zirconium, such as Zr
+3
, Zr
+2
 and Zr
+1
, while Hf
+4
 remain unreduced.  The method of Newnham 
(1957, 1960) was solely based on the non reduction of hafnium by zirconium, while that of 
Kirihara et al. (1989, 1990, 1991) was based on the difference in the reduction potential of 
zirconium and hafnium.   
 
Newnham (1960, 1957) achieved separation of hafnium and zirconium by heating Zr(HF)Cl4 in 
the presence of a reducing agent, which resulted in the reduction of ZrCl4 to ZrCl3 while HfCl4 
remain unaffected. Separation is achieved by sublimation of HfCl4 while ZrCl3 remains. The 
disproportionation of ZrCl3 yielded ZrCl2 and gaseous ZrCl4. The formed ZrCl2 is used to reduce 
fresh batch of Zr(Hf)Cl4. The reduction of ZrCl4 is depicted in Equations 2.20 and 2.22, while 
the dispropotionation of ZrCl3 is depicted in Equation 2.21.  
  (  )             ( )       ( )          2.20 
      ( )       ( )       ( )         2.21 
  (  )         ( )       ( )       ( )        2.22 
 
Newnham (1960) made the following observations when purifying ZrCl4 by reduction: 
i. Hafnium tetrachloride and aluminium trichloride remain unreduced and they are removed 
from the non-volatile ZrCl3 by sublimation. 
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ii. Iron trichloride and vanadium trichloride are reduced to their non-volatile state and 
remain with ZrCl3. The non-volatile chloride of iron and vanadium are removed during 
the disproportionation of ZrCl3. 
iii. A portion of TiCl4 is removed by evaporation while HfCl4 and AlCl3 are sublimed. While 
the remaining TiCl4 is reduced to the non-volatile state and it is removed together with 
the nonvolatile chlorides of iron and vanadium. 
iv. Silicon tetrachloride (SiCl4) is reduced to disilicon hexachloride (Si2Cl6), and the formed 
Si2Cl6 is removed with a stream of argon before disproportionating ZrCl3. 
 
Kirihara et al. achieved separation by keeping the cathode potential below the reduction potential 
of HfCl4, but slightly above the reduction potential of ZrCl4 to ZrCl3 (Kirihara et al., 1989; 
Kirihara et al., 1990; Kirihara et al., 1991). Electrolytic reduction of ZrCl4 is conducted in a 
eutectic molten alkali (and/or alkaline earth) metal chloride salt, preferably ZrCl4-NaCl-KCl 
molten salt. The anode is constructed by binding either silica or zirconium silicate or zirconium 
oxide with carbon, while the cathode is constructed from either a stainless steel rod or a low 
carbon steel rod. 
 
ZrCl3 is deposited on the cathode by electrolytic reduction of ZrCl4 during the first phase, 
simultaneously the released chlorine reacts with the anode to form CO, CO2 and ZrCl4 or SiCl4 
depending on the type of materials used to construct the anode. Another cathode is inserted into 
the molten salt once an adequate amount of ZrCl3 has deposited on the cathode used in the first 
phase electrolysis (Kirihara et al., 1989; Kirihara et al., 1990; Kirihara et al., 1991). 
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The polarity of the ZrCl3 rich cathode is changed so that it will function as an anode of the 
inserted cathode during the second phase electrolysis. ZrCl3 is deposited on the inserted cathode 
by electrolytic reduction, simultaneously ZrCl3 on the anode is oxidized by the released chlorine 
to form purified gaseous ZrCl4. From here onwards the purification is done by simply changing 
the polarity of the electrodes, where oxidation and reduction is repeated efficiently to produce 
ZrCl4 and ZrCl3 with low Hf content. The purification is concluded when the concentration of 
HfCl4 in the molten salt reaches a point where the vapour pressure of HfCl4 is equal to one tenth 
the vapour pressure of ZrCl4, to prevent contamination of the evolved ZrCl4 with HfCl4 (Kirihara 
et al., 1989; Kirihara et al., 1990; Kirihara et al., 1991). 
 
When HfCl4 is concentrated in the molten salt, the entire molten salt is sent to a heated vessel 
where HfCl4 is sublimed from the molten salt by increasing the temperature of the molten salt. 
The concentration of ZrCl4-NaCl-KCl molten salt is maintained by adding impure ZrCl4 during 
purification. A slight deviation in the concentration of molten salt will require an increase in 
temperature to keep the salt in the molten state (Kirihara et al., 1989; Kirihara et al., 1990; 
Kirihara et al., 1991). 
 
2.5.5. Summary 
From reviewed literatures it is obvious that ZrCl4 is the preferred salt for the separation of 
hafnium and zirconium; this is due to the hydrolysis, low sublimation temperature and 
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reducibility of ZrCl4, compared to ZrF4. Therefore, this study will focus on the chlorination of 
ZrF4. To date Necsa has demonstrated a concept of producing ZrF4 from zircon. But the 
commercial methods of producing Zr metal make use of ZrCl4 as the precursor. The techniques 
such as extraction distillation and solvent extraction are the two dominant commercial methods 
of separating hafnium and zirconium. The efficiency of these techniques suffers due to impurities 
that are present in ZrCl4. These impurities are carried over during processing of zircon to 
produce zirconium compounds, especially the tetrahalides.  
 
Refinement of the carbo-chlorination process has resulted in low concentration of impurities that 
are present in the produced Zr(Hf)Cl4. Scrubbing of impurities using molten alkali or alkaline 
chloride mixtures resulted in low concentrations of impurities that are present in ZrCl4. Since 
production of Zr metal and removal of impurities favours the use of ZrCl4, it is fair to convert the 
ZrF4 produced at Necsa to ZrCl4. A method of converting ZrF4 to ZrCl4 was developed in 1953 
by Blumenthal (Blumenthal, 1953).  The difference between the physical and chemical 
properties, reactivity and reaction rate of ZrF4, ZrCl4, HfF4, HfCl4, chlorides of impurities and 
the fluorides of impurities were not explored by Blumenthal. This study focuses on investigating 
the effects the chlorinating agent or the process will have on the purity of the formed ZrCl4.    
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Chapter Three 
3.0 Thermodynamic selection of a chlorinating agent 
The thermodynamic computer program, HSC Chemistry 6.1, was used to select a suitable 
chlorinating agent required to produce ZrCl4 from ZrF4. The program was used to calculate the 
change in Gibbs free energy as well as simulating the equilibrium compositions of reacting ZrF4 
with an alkali metal chloride or an alkaline earth metal chloride. The operation of HSC 
Chemistry 6.1 has been covered in the dissertation of Monnahela (2008) and his explanation 
covers the entire basis required to simulate the equilibrium composition of a chemical reactions. 
 
3.1. Selection of chlorinating agent 
 The selection of a suitable chlorinating agent was conducted by calculating the Gibbs free 
energy of a reaction between zirconium tetrafluoride and a chlorinating agent selected from 
alkali and alkaline earth metal chlorides, such as BeCl2, CaCl2, KCl, LiCl, MgCl2 and NaCl. The 
metathesis reactions of ZrF4 with the different chlorinating agents are depicted in 
Equations 3.1 to 3.6.   
ZrF4(s) + 2BeCl2(s) → ZrCl4↑ + 2BeF2(s)       3.1 
ZrF4(s) + 2CaCl2(s) → ZrCl4↑ + 2CaF2(s)       3.2 
ZrF4(s) + 2MgCl2(s) → ZrCl4↑ + 2MgF2(s)       3.3 
ZrF4(s) + 4KCl(s) → ZrCl4↑ + 4KF(s)        3.4 
Chapter Three        Thermodynamic selection of a chlorinating agent 
31 
 
ZrF4(s) + 4LiCl(s) → ZrCl4↑ + 4LiF(s)        3.5 
ZrF4(s) + 4NaCl(s) → ZrCl4↑ + 4NaF(s)       3.6 
The Gibbs free energy of chlorinating ZrF4 with the chlorinating agents given in Equation 3.1 to 
3.6 was calculated according to Equation 3.7 and 3.8. The sign of the Gibbs free energy serves as 
an indicator to whether a specific chemical reaction is spontaneous or not.      
                      3.7 
    ∑            ∑                    3.8 
The following explanation is offered in terms of the sign of the Gibbs free energy of a chemical 
reaction (Atkins  and De Paule, 2006): 
  ΔG < 0, the forward reaction is spontaneous. 
  ΔG > 0, the reverse reaction is spontaneous. 
  ΔG = 0, the reaction is at equilibrium. 
The calculated Gibbs free energies of reactions depicted in Equations 3.1 to 3.6 are plotted in the 
Ellingham diagram presented in Figure 3.1. The reactions of CaCl2, LiCl, KCl and NaCl with 
ZrF4 are not spontaneous from the selected temperature range of 0 to 700 °C, as shown in 
Figure 3.1. Similarly, the reaction of MgCl2 with ZrF4 is not spontaneous from 0 °C to below 
143 °C. At 143 °C the reaction reaches equilibrium and the reaction become spontaneous above 
143 °C.  
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The reaction of BeCl2 with ZrF4 is spontaneous throughout the selected temperature range of 0 to 
700 °C. Figure 3.1 shows that the equilibrium constats that are related to the Gibbs free energy 
change of the reactions depicted in Equations 3.1-3.6 changes with a temperature change.  
 
Figure 3.1: Ellingham diagram of reactions of ZrF4 with chlorinating agents 
Thermodynamics predicts whether a chemical reaction is likely to take place or not. Basically 
thermodynamics describe systems, whether chemical, thermal or mechanical systems, that strive 
to achieve a state of equilibrium whenever a change occurs on that system. Dynamic equilibrium 
occurs in chemical reactions when both reactants and products are present and they are not 
willing to undergo a net change (Artkins and De Paule, 2006; Brady and Holum, 1996). The 
composition of a reaction system at equilibrium is determined by calculating the minimum Gibbs 
free energy, at constant pressure and temperature, and identifying the composition that 
correspond to that minimum Gibbs free energy. Simply, the equilibrium composition of a 
reaction system is located by plotting the Gibbs free energy change of pure reactants and pure 
products against the extent of reaction. The equilibrium composition is determined at the point 
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where the Gibbs free energy change against the extent of reaction is at a minimum. The reaction 
depicted in Equation 3.9 and the free energy diagram depicted in Figure 3.2 can be considered 
for better understanding.  
               3.9 
Where A represent the pure reactant and B represent the pure product. By looking at curve P in 
Figure 3.2, it can be seen that by going from reactant to product and from products to reactants 
the Gibbs free energy change drops to minimum value, where it is below that of either pure A or 
pure B. The equilibrium composition of the reaction depicted in Equation 3.9 is determined at 
this minimum value on the free energy diagram where the Gibbs free energy change is at a 
minimum.  
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Figure 3.2: Free energy diagram for chemical reactions depicted in Equation 3.9 
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HSC Chemistry software was used to predict the equilibrium compositions of the reaction 
depicted in Equations 3.1 to 3.6. The equilibrium compositions are calculated using Gibbs 
solver, which uses the Gibbs energy minimization method (Monnahela, 2008) similar to the one 
illustrated in Figure 3.2. The predicted equilibrium compositions of reactions depicted in 
Equations 3.1 to 3.6 are presented in Figures 3.3 to 3.8. The equilibrium compositions of the 
reactions depicted in Equations 3.1 to 3.6 were predicted over a temperature range of 0 to 700 °C 
and at atmospheric pressure. 
 
3.1.1. Thermodynamic evaluation of chlorinating ZrF4 with BeCl2  
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 2 mol of pure 
BeCl2 is presented in Figure 3.3. From this figure, it is evident that the metathesis reaction of 
ZrF4 and BeCl2 is spontaneous over the selected temperature range (0 to 700 °C), this 
observation is in agreement with the Gibbs free energy depicted in Figure 3.1. ZrF4 is totally 
converted to solid ZrCl4 from 0 °C up to ca. 250 °C and the gaseous ZrCl4 start to form above 
250 °C while the solid ZrCl4 is decreasing.  
The equilibrium of the reaction between pure ZrF4 and pure BeCl2 lies far towards the pure 
products (ZrCl4 and BeF2), because the reactants were not detected in the equilibrium 
composition of the reaction. The reaction of ZrF4 with BeCl2 will also form vitreous BeF2(V), 
which is a glassy type maerials.  
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The Ellingham diagram depicted in Figure 3.1 and the equilibrium composition depicted in 
Figure 3.3 shows that Chlorination of ZrF4 with BeCl2 is favorable.  
 
Figure 3.3: Equilibrium composition of reacting 1 mol of ZrF4 with 2 mol of BeCl2 
 
 3.1.2. Thermodynamic evaluation of chlorinating ZrF4 with CaCl2     
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 1 mol of pure 
CaCl2 is presented in Figure 3.4.  From this figure, it can be seen that the reaction of ZrF4 with 
CaCl2 is not spontaneous from 0 to ca. 400 °C. This shows that equilibrium lies towards the 
reactant. However, ZrCl4 start to form from the reaction of ZrF4 and CaCl2 above 400 °C. 
Therefore, this shows that the equilibrium of this reaction start to shift slowly towards the 
products. 
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Investigating chlorination of ZrF4 with CaCl2 might not be a viable option, because the 
equilibrium composition diagram indicates that the reaction does not produce significant amount 
of ZrCl4 below the sublimation temperature of ZrF4 (600 °C at atmospheric pressure). The 
disadvantage of investigating the reaction of ZrF4 and CaCl2 above 600 °C will result in 
contamination of final product, ZrCl4, with ZrF4 or almost all of the ZrF4 will be sublimed 
without participating in the reaction.  
 
Figure 3.4: Equilibrium composition of reacting 1 mol of ZrF4 with 2 mol of CaCl2 
 
3.1.3. Thermodynamic evaluation of chlorinating ZrF4 with MgCl2  
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 2 mol of pure 
MgCl2 is presented in Figure 3.5. It can be seen from this figure that forward reaction is 
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spontaneous over the temperature range of 0 to 700 °C. However, the Ellingham diagram 
presented in Figure 3.1 indicated that the chlorination of ZrF4 with MgCl2 is not spontaneous 
from 0 to 143 °C. This seems like the Figure 3.1 and 3.5 are contradicting each other. This is due 
to the fact that when the Ellingham diagram was calculated, ZrF4 was assumed to be a gas, 
whereas the change of state of ZrF4 from solid to gas was taken into account when the 
equllibrium composition were predicted. Therefore, the equilibrium of chlorinating ZrF4 with 
MgCl2 lies towards the products.     
 
The equilibrium of the chlorinating ZrF4 with MgCl2 start to move in the direction of the pure 
reactants from 0 up to ca. 310 °C, but the quantity of the reactant is not that significant compared 
to the product present. Above 310 °C equilibrium moves in the direction of the pure products. 
Gaseous ZrCl4 start to form at ca. 280 °C, while the quantity of the solid ZrCl4 is decreasing. 
Above ca. 350 °C only gaseous ZrCl4 is formed. The formed MgF2 remains in the solid state 
throughout the temperature range of interest. Chlorination with MgCl2 is favourable because 
only ZrCl4 can be recovered in the vapour state and the only contamination of the formed ZrCl4 
with MgF2 will be due to entrainment of MgF2 particles in the gaseous ZrCl4. 
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Figure 3.5: Equilibrium composition of reacting 1 mol of ZrF4 with 2 mol of MgCl2 
 
3.1.4. Thermodynamic evaluation of chlorinating ZrF4 with KCl  
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 4 mol of pure KCl 
is presented in Figure 3.6. It can be seen from this figure that chlorination of ZrF4 with KCl is 
not spontaneous over the selected temperature range of 0 to 700 °C. This is in agreement with the 
Gibbs energy of chlorinating ZrF4 with KCl presented in Figure 3.1. The equilibrium of 
chlorinating ZrF4 with KCl lies towards the reactants. 
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Figure 3.6: Equilibrium composition of 1 mol of ZrF4 with 4 mol of KCl 
 
3.1.5. Thermodynamic evaluation of chlorinating ZrF4 with LiCl  
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 4 mol of pure LiCl 
is presented in Figure 3.7.  From this figure it is evident that chlorination of ZrF4 with LiCl is not 
spontaneous below 400 °C. This indicates that the equilibrium of chlorinating ZrF4 with LiCl lies 
toward the reactants. However, the equilibrium of chlorinating ZrF4 with LiCl starts to shift 
towards the product side above 400 °C, but the quantity of ZrCl4 produced is extremely low. 
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Figure 3.7: Equilibrium composition of 1 mol ZrF4 with 4 mol LiCl 
 
3.1.6. Thermodynamic evaluation of chlorinating ZrF4 with NaCl  
The equilibrium composition of the reaction between 1 mol of pure ZrF4 and 4 mol of pure NaCl 
is presented in Figure 3.8. This figure shows that the chlorination of ZrF4 with NaCl is not 
spontaneous over the selected temperature range of 0 to 700 °C. The equilibrium of chlorinating 
ZrF4 with NaCl lies far towards the reactants.  
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Figure 3.8: Equilibrium composition of reacting 1 mol of ZrF4 with 4 mol of NaCl 
 
From evaluating the thermodynamics of chlorinating of ZrF4 with the respective chlorides  of Be, 
Ca, Mg, K, Li and Na, depicted in Equations 3.1 to 3.6, it can be seen that the reaction of BeCl2 
and MgCl2 with ZrCl4 respectively are thermodynamically favourable as compared to those with 
CaCl2, KCl, LiCl and NaCl.  Even though the thermodynamic study has shown that Chlorinating 
ZrF4 with BeCl2 was favourable, it was found that BeCl2 a gram cost ca. ZAR 1948.35 whereas a 
gram of MgCl2 cost ZAR 2.69 (Sigma-Alderich, 2014). The costs were determine based on the 
published price of the chemical of ZAR 1948.35 for 5 g of BeCl2 and ZAR 269.06 for 100 g of 
MgCl2 (Sigma-Alderich, 2014). Due to the high cost, BeCl2 not be used to investigate 
chlorination of ZrF4. 
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Chapter Four 
4.0 Materials and Methods 
Materials and method used during the investigation of chlorinating ZrF4 are discussed in this 
chapter. In the materials section the method of preparing ZrF4 is briefly highlighted, as well as 
the concentrations of impurities that are present in ZrF4, LiCl, KCl, and NaCl. The methods of 
investigating the kinetics of chlorinating ZrF4 are discussed. The equipment used and the 
methods of chlorinating ZrF4 with either MgCl2 or the respective mixtures of MgCl2 and 
chlorides of Li, K and Na to reduce the concentration of impurities that are associated with 
zirconium are also discussed. 
 
4.1 Materials 
Zirconium tetrafluoride used in this work was prepared by reacting plasma dissociated zircon 
with ammonium bifluoride in a batch reactor according to the method described by 
Makhofane et al. (2012). This was achieved by reacting plasma dissociated zircon with 
ammonium bifluoride at ca. 180 °C to form ammonium fluorozirconate and ammonium 
fluorosilicate. The fluorozirconate and the fluorosilicate were heated stepwise to vaporized 
ammonium fluorosilicate, at ca. 280 °C, followed by decomposing the fluorozirconate to 
zirconium tetrafluoride, from ca. 280 to 380 °C. The composition of the formed ZrF4 is depicted 
in Table 4.1, as analysed by ICP-OES. The product collected from the reactor after fluorinating 
ZrO2.SiO2 with NH4HF2 contained ca. 83% ZrF4, while the remaining 17% was made up be 
ZrSiO4, ZrO2 and ammonium compounds.  
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Table 4.1: Composition of ZrF4 produced by reacting ZrO2.SiO2 with NH4HF2 
Element  or compound Average concentration (ppm) Unit Standard deviation (%) 
Aluminium 796  20 
Ammonium (NH4
+
) 300-38000   
Calcium 225  24 
Chromium  1420  20 
Hafnium 10066  7 
Iron 6891  17 
Manganese  184  10 
Nickel  860  14 
Titanium  72  37 
Uranium 446  21 
Zirconium 404854  4 
 
Magnesium chloride, with a purity of 98%, was obtained from Sigma Aldrich (South Africa). 
Lithium chloride (99% pure), potassium chloride (99.5% pure) and sodium chloride (99.5% 
pure) were obtained from Merck (South Africa). KCl, LiCl, MgCl2 and NaCl were used without 
further treatment. An analytical grade ZrF4, with a purity of 99.9%, was obtained from Sigma 
Aldrich (South Africa). ZrF4 obtained from Sigma Aldrich was used to investigate the kinetics 
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and it was also used without further treatment. The maximum concentrations of impurities that 
are present in LiCl, KCl and NaCl, are depicted in Table 4.2. 
Table 4.2: Maximum amount of impurities present in chloride salts added to MgCl2 
Compounds and 
elements 
Maximum amount of impurities (ppm) 
KCl LiCl NaCl 
Nitrates   30 
Sulphates 50 50 10 
Phosphates 5  5 
Hexacyanoferrates 1  1 
Aluminium 10   
Barium  10 20 10 
Bromine 50  50 
Calcium  50 20 
Iron 2 5 1 
Iodine 20  10 
Potassium  500 50 
Magnesium 5 50  
Nitrogen 10 10 10 
Sodium 50 500  
Lead 5 5 5 
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4.2 Experimental Methods 
The method of investigating the kinetics of chlorinating an analytical grade ZrF4 with MgCl2 
using a thermogravimetric apparatus are discussed in this section. The equipment and procedures 
used to chlorinate ZrF4, prepared at Necsa, with either MgCl2 or the respective mixtures of 
MgCl2 and the chlorides of K, Li and Na to reduce the concentration of impurities that are 
associated with zirconium are also discussed in this section.   
 
4.2.1 Kinetics of chlorinating ZrF4 with MgCl2 
A kinetic study of chlorinating ZrF4 with MgCl2 were conducted using a thermogravimetric 
analyser (TGA); a Shimadzu, DTG-60, Simultaneous DTA-TG apparatus. The investigations 
were conducted using an analytical grade ZrF4 obtained for Sigma Aldrich (South Africa). The 
procedures of investigating the kinetics of chlorinating ZrF4 with MgCl2 are outlined below: 
 
A mixture, with a total mass of 2.14 g, was prepared by adding 1 g of ZrF4 powder and 1.14 g of 
MgCl2 powder in a container. The molar ratio of ZrF4 and MgCl2 in the mixture was 1:2. The 
two reactants were mixed by shaking the container. An empty alumina crucible was loaded in the 
TGA and the mass of the empty crucible was zeroed on the TGA. 
 
A subsample of ca. 11 mg from the 2.14 g mixture of ZrF4 and MgCl2 was loaded into the empty 
crucible without removing the crucible from the TGA. The mixture placed into the crucible was 
heated from room temperature at a rate of 5 °C/min up to a temperature of 500 °C, while the 
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TGA was purged with nitrogen gas at a rate of 100 mL/min.  Similar procedures were repeated 
with heating rates of 10, 15 and 20 °C/min to study the non-isothermal conditions of chlorinating 
ZrF4 with MgCl2.    
 
To investigate the isothermal conditions of chlorinating ZrF4 with MgCl2; the mixture placed 
into the crucible was heated from room temperature at a rate of 20 °C/min to isothermal 
temperatures of 400, 450, 480 and 500 °C respectively. The heating rate of 20 °C/min used to 
study the isothermal conditions of chlorinating ZrF4 with MgCl2 was the recommended 
maximum heating rate specified by the manufacturer of the TGA instrument (Shimadzu 
Corporation, 2006). 
 
4.2.2 Process description of chlorinating ZrF4 prepared at Necsa 
The aim of chlorinating ZrF4 prepared at Necsa was to investigate whether purifictation will take 
place, as a result of chlorinating with either MgCl2 or a mixture of MgCl2 and the chloride of K, 
Li and Na respectively. The reactor, which was used in this study, was constructed from 316 
stainless steel. It was divided into two sections, namely the reaction zone and the condensation 
zone. The reaction zone was heated externally by a ceramic band heater while the condensation 
zone was cooled internally by a copper coil. The 3-D sectional view of the reactor is shown in 
Figure 4.1.  
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Figure 4.1: 3-D sectional view of the chlorination reactor 
The reactor was designed in such a way that the reaction zone is smaller than the condensation 
zone in diameter, as shown in Figure 4.1. This was done so that the condensed products would 
fall on the base of the condensation zone while a fraction of the product falls back into the 
reaction zone. The dimensions of the reactor are depicted in Table 4.3. 
Table 4.3: Dimensions of chlorinating reactor 
Dimension Reaction zone Condensation zone 
Length (mm) 100.0 100.0 
Outside diameter (mm) 50.0 101.6 
Thickness (mm) 4.5 5.7 
 
The chlorination system consists of a reactor, a chiller with temperature controls, a vacuum 
pump, a ceramic band heater with temperature control, a thermocouple connected to temperature 
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readout, an analogue pressure gauge and nitrogen gas inlet. The flow diagram of the chlorinating 
system is shown in Figure 4.2. 
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Figure 4.2: Flow diagram of the chlorination system 
 
4.2.3 Chlorination of ZrF4 prepared at Necsa with MgCl2 
A mixture of 4.07 ± 0.07 g ZrF4 powder, prepared by fluorinating plasma dissociated zircon with 
ammonium bifluoride, and 4.75 ± 0.10 g MgCl2 powder was prepared and loaded into the 
reaction zone of the chlorinating reactor. The reactor was closed. Chlorination of ZrF4 was 
conducted according to the procedures outlined below:   
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 The reactor was evacuated to ca. -80 kPa(gauge) and pressurized with nitrogen gas to 
50 kPa(gauge). The evacuation and pressurization procedure was repeated twice to 
eliminate moisture and air that was present in the reactor. Lastly, the reactor was 
evacuated to ca.  -80 kPa(gauge) and allowed to stand for 20 minutes, to check if air is 
leaking into the reactor. The reactor was insulated when leaks were not detected. 
 The chiller was switched on and set to supply coolant at a temperature of 5 °C to the coils 
situated inside the condensation zone of the reactor. 
 The heater was switched on and set at 400 °C. The heater was allowed to ramp up and 
stabilize at 400 °C.   
 Chlorination of ZrF4 at 400 °C was conducted over a period of 68 minutes, including 
ramping up. 
 The heater was switched off once the 68 minutes period has elapsed, while the coils 
located inside the condensation zone of the reactor was maintained at 5 °C. 
 The chiller was switched off when the internal temperature of the reactor was below 
100 °C. 
  The reactor was pressurized to ca. 10 kPa(gauge) with nitrogen gas once the internal 
temperature was below 100 °C. 
 The reactor was depressurized to 0 kPa(gauge) and opened the following day. 
 Products were collected at the condensation zone and the reaction zone, weighed and the 
masses were recorded. The product collected at the condensation zone was named 
“Sublimed product”, while the product collected at the reaction zone was named 
“Reaction zone residue”. 
 The products were analyzed by XRD and ICP-OES. 
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The above procedures were followed when chlorinating ZrF4 at temperatures of 450 and 500 °C, 
and two experiments were conducted at each temperature setting. Chlorination of ZrF4 was 
conducted below the sublimation temperature of ZrF4 but above that of ZrCl4, as illustrated in 
Figure 4.3. The sublimation temperatures of ZrF4 and ZrCl4 were determined using Equation 4.1, 
where the pressure was based on the pressure response of the system.  
            ⁄          4.1 
 
Figure 4.3: Temperature profiles of chlorinating ZrF4 with MgCl2 
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4.2.4 Chlorination of ZrF4 with a mixture of MgCl2 and KCl 
A mixture of 4.08 ± 0.07 g ZrF4, 4.79 ± 0.12 g MgCl2 and 1.60 ± 0.10 g KCl was prepared and 
loaded into the reaction zone of the reactor. ZrF4 was chlorinated with a mixture of MgCl2 and 
KCl according to the procedure outlined in Section 4.2.3. Chlorination of ZrF4 with a mixture of 
MgCl2 and KCl was conducted in duplicate at temperatures of 400, 450 and 500 °C. Figure 4.4 
illustrates the temperature profile of chlorinating ZrF4 with a mixture of MgCl2 and KCl. 
 
Figure 4.4: Temperature profiles of chlorinating ZrF4 with a mixture of MgCl2 and KCl 
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loaded into the reaction zone of the reactor. ZrF4 was chlorinated with a mixture of MgCl2 and 
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MgCl2 and LiCl was conducted in duplicate at temperatures of 400, 450 and 500 °C. Figure 4.5 
illustrate the temperature profile of chlorinating ZrF4 with a mixture of MgCl2 and LiCl. 
 
Figure 4.5. Temperature profiles of chlorinating ZrF4 with a mixture of MgCl2 and LiCl 
 
4.2.6 Chlorination of ZrF4 with a mixture of MgCl2 and NaCl 
A mixture of 4.07 ± 0.05 g ZrF4, 4.80 ± 0.08 g MgCl2 and 1.41 ± 0.07 g NaCl was prepared and 
loaded into the reaction zone of the reactor. ZrF4 was chlorinated with a mixture of MgCl2 and 
NaCl according to the procedure outlined in sub-section 4.2.3. Chlorination of ZrF4 with a 
mixture of MgCl2 and NaCl was conducted in duplicate at temperatures of 400, 450 and 500 °C. 
Figure 4.6 illustrates the temperature profile of chlorinating ZrF4 with a mixture of MgCl2 and 
NaCl. 
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Figure 4.6: Temperature profiles of chlorinating ZrF4 with a mixture of MgCl2 and NaCl 
 
At the end of each experiment, the products collected at the condensation zone, “sublimed 
products”, and the reaction zone, “reaction zone residue”, were weigh and samples were sent for 
XRD and ICP-OES analysis. The request for XRD was to identify compounds that are present in 
both the sublimed products and the reaction zone residue. The specification for ICP-OES was to 
determine the concentration of zirconium, ammonium and the elements that are given in 
Table 4.1.  
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Chapter Five 
5.0 Chlorination of zirconium fluoride 
The results obtained from investigation of the kinetics of chlorinating analytical grade ZrF4 with 
MgCl2 and from chlorinating ZrF4 prepared at Necsa with either MgCl2 or the respective 
mixtures of MgCl2 and chlorides of K, Li and Na are discussed in this chapter.    
 
5.1 Kinetic study of chlorinating ZrF4 with MgCl2 
The design parameters and optimum conditions of industrial reactor are determined from the 
kinetics of the reaction.  In solid state reaction, the mechanisms of the reaction are uncovered 
from the kinetic parameters such as the reaction rate and the activation energy. The unique 
characteristics of the reactants can be understood from deriving the mechanism (Celis et al., 
2001).   
 
The solid state reaction kinetics are mostly studied by thermogravimetry, but other analytical 
methods are also used to study the kinetics such as differential scanning calorimetry, powder X-
ray diffraction and nuclear magnetic resonance (Khawam and Flanagan, 2006).  Results obtained 
from non-isothermal and isothermal conditions of chlorinating ZrF4 with MgCl2 are discussed in 
subsections to follow.  
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5.1.1 Non-isothermal kinetic study of chlorinating ZrF4 with MgCl2 
The results obtained during the study of non-isothermal kinetics of chlorinating ZrF4 with MgCl2 
are discussed in this section. The data collected from the TGA instrument during the chlorination 
of ZrF4 with MgCl2 are presented in Figure 5.1. The heating rates of 5, 10, 15 and 20 °C/min 
respectively were used to investigate the non-isothermal kinetics of chlorinating ZrF4 with 
MgCl2. Chlorination of ZrF4 with MgCl2 commenced at temperatures above 350 °C, for heating 
rates of 5, 10, 15 and 20 °C/min, as shown in Figure 5.1.  
 
The extent of conversions of chlorinating ZrF4 with MgCl2 in the TGA analyser are shown in 
Figure 5.1. The normalised mass of ZrCl4 generated during the reaction were used to determine 
the extent of conversion. The amount of residue that remained in the TGA sample holder at the 
end of the experiment varied. The variation of the amount of residue that remained can be 
attributed to the inhomogeneity of the sample. Even though ZrF4 and MgCl2 were well mixed 
perfect homogeneity of the mixture cannot be guaranteed.    
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Figure 5.1: Extent of conversion vs. temperature for non-isothermal conditions of chlorinating 
ZrF4 with MgCl2 
 
The apparent activation energy of chlorinating ZrF4 with MgCl2 was determined using an 
integral iso-conversional (model free) equation of Kissinger-Akahira-Sunose, represented in 
Equation 5.1 (Vyazovkin et al., 2011). The Kissinger-Akahira-Sunose equation offer a 
significant improvement to the accuracy of the value of the apparent activation energy compared 
to the Ozawa-Flynn-Wall equation (Equation 5.2) (Vyazovkin et al., 2011; Starink, 2003).  
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                   (
  
   
)           5.2 
where:    is the heating rate, T is temperature, E is the activation energy and R is the universal 
gas constant.  
 
The advantage of using iso-conversional method for kinetic analysis of solid state reactions is the 
ability of the iso-conversional method to determine the apparent activation energy of a reaction 
without assuming the model that the reaction follows (Khawam and Flanagan, 2006; Vyazovkin 
et al., 2011). Any variation of the apparent activation energy during the course of the reaction 
can be checked by iso-conversional method (Koga et al., 1993; Celis et al., 2001), whereas a 
single value of the apparent activation energy is determined by model fitting method.  
 
Figure 5.1 was used to determine the apparent activation energy of chlorinating ZrF4 with 
MgCl4, depicted in Figure 5.2. This was achieved by drawing a horizontal line at a certain extent 
of conversion, in Figure 5.1, that bisect the lines drawn at heating rates of 5, 10, 15 and 
20 °C/min. The temperatures were determined at the point where the horizontal line bisects the 
heating rate lines. The temperatures and the corresponding heating rates were plotted using the 
Kissinger-Akahira-Sunose’s equation and the apparent activation energy was determined from 
the gradient of the line plotted using the Kissinger-Akahira-Sunose’s equation. The Kissinger-
Akahira-Sunose’s equation was used to determine the apparent activation energy of chlorinating 
ZrF4 with MgCl2 from conversion of 0.05 to 0.8 and the results are presented in Figure 5.2. 
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Figure 5.2: Apparent activation energy vs. extent of conversion for chlorinating ZrF4 with 
MgCl2 at non-isothermal conditions 
The apparent activation energy varied significantly as the chlorination of ZrF4 and MgCl2 
progressed towards complete conversion, as illustrated in Figure 5.2.  The apparent activation 
energy decreased between the extent of conversion of 0.05 to 0.15 and 0.35 to 0.7, while an 
increase of the apparent activation energy was observed at 0.15 to 0.2 and 0.7 to 0.8. The 
apparent activation energy at the extent of conversion of 0.2 to 0.35 can be considered as stable, 
since the various is less than 20%.  
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2013; Vyazovkin et al., 2011). Either multiples of single linear kinetic models or a non-liner 
kinetic model can be used to determine the model that the chlorination of ZrF4 with MgCl2 will 
follow.  
 
5.1.2 Isothermal kinetic study of chlorinating ZrF4 with MgCl2 
The data generated while conducting the experiments of chlorinating ZrF4 with MgCl2 at 
isothermal condition are plotted in Figures 5.3 and 5.4. Figure 5.3 shows the extent of conversion 
versus time while Figure 5.4 shows extent of conversion versus temperature. Figure 5.3 is used 
to determine the apparent activation energies of a solid state reaction when iso-conversional 
methods are used. Figure 5.4 revealed that the chlorination of ZrF4 with MgCl2 progressed 
towards completion before the respective isothermal temperatures were reached. As a result, 
determining the isothermal kinetics of chlorinating ZrF4 with MgCl2 will be a challenge and 
probably inaccurate. 
 
In solid state reaction, reactants need to be heated up to a certain temperature that is enough to 
initiate a chemical reaction. The TGA apparatus used was not suitable to study isothermal 
kinetics of chlorinating ZrF4 with MgCl2. Because the maximum heating rate of 20 °C/minutes 
proved to be slow with respect to ramping up the reactant to the desired isothermal temperatures 
of 400, 450, 480 and 500 °C.  The heating was specified by the manufacturer of the TGA 
apparatus as the maximum heating rate which the apparatus can handle. 
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Figure 5.3. Extent of conversion vs. time for isothermal conditions of chlorinating ZrF4 with 
MgCl2 
 
Figure 5.4. Extent of conversion vs. temperature for isothermal conditions of chlorinating ZrF4 
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5.2 Process behaviour of chlorinating ZrF4 
5.2.1 Pressure response of chlorinating system 
Pressure responses observed during the chlorination of ZrF4 with either MgCl2, or the respective 
mixtures of MgCl2 with chlorides of K, Li and Na are illustrated in Figures 5.5 to 5.8. The 
pressure inside the reactor increased slowly when the reaction zone temperature was increased 
from room temperature to temperatures of 400, 450 and 500 °C respectively. A rapid increase in 
pressure inside the reactor was observed when the reaction zone temperature reached ca. 400 °C. 
These behaviours can be attributed to either the production of gaseous ZrCl4 or the 
decomposition of ammonium compounds, which was present in the starting material, to produce 
gaseous products such as NH3 and HF.  
 
From the pressure responses plotted in Figures 5.5 to 5.8, it is evident that the pressure inside the 
reactor is linked to the concentration of ammonium compounds that were present in ZrF4. The 
huge variations of the pressure observed during chlorination of ZrF4 are directly linked to the 
concentration of ammonium compounds, because the concentration of ammonium (NH4
+
) ions 
varied in ZrF4. The range of the concentrations of ammonium ions in ZrF4 (300-38000 ppm) are 
given in Table 4.1. 
 
Cooling the gaseous products, by the water cooled copper coils, during the experiment should 
theoretically cancel out the increase in pressure inside the reactor. But due to formation of non-
condensable gases the pressure inside the reactor kept on increasing. The condensate of ZrCl4 
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covered the copper coils during the experiment. As a result, the heat transfer from the hot 
gaseous products to the cold copper was decreased. This decrease affects the condensation of 
ZrCl4 and contraction of non-condensable gases. 
 
During cooling of the reaction zone, when the heater was switched off, the pressure inside the 
reactor decreased slightly, as illustrated in Figures 5.5 to 5.8. The slight decrease in the pressure 
inside the reactor can be attributed to the condensation of the formed gaseous ZrCl4 and the 
contraction of non-condensable gases. The condensation of ZrCl4 and contraction of the non-
condensable gases was not enough to cause the pressure inside the reactor to return to the initial 
pressure which the reactor was started with. A leak occurred when ZrF4 was chlorinated with a 
mixture of MgCl2 and KCl at 450 °C. As a result, the pressure kept on increasing during cooling. 
The leak had no effect during chlorination of ZrF4 with a mixture of MgCl2 and KCl, because the 
reactor was placed inside a glove box filled with anhydrous nitrogen. 
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Figure 5.5: Pressure response of chlorinating ZrF4 with MgCl2 
 
Figure 5.6: Pressure response of chlorinating ZrF4 with a mixture of MgCl2 and KCl 
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Figure 5.7:  Pressure response of chlorinating ZrF4 with a mixture of MgCl2 and LiCl 
 
Figure 5.8: Pressure response of chlorinating ZrF4 with a mixture of MgCl2 and NaCl 
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5.2.2 XRD results of products collected after chlorinating  
The XRD results of the sublimed product and the reaction zone residue collected after 
chlorinating ZrF4 with either MgCl2 or the respective mixtures of MgCl2 and chlorides of K, Li 
and Na are shown in Figures 5.9 to 5.16. The purpose of the XRD analysis was to determine the 
compounds that are present in the sublimed products and the reaction zone residue collected after 
chlorinating ZrF4. The eight spectrums shown in Figures 5.9 to 5.12 are representatives of the 
twenty four experiments that were conducted to chlorinate ZrF4. The XRD spectrum of the same 
group of experiment had similar peaks but the only difference was the intensity of the peak e.g. 
the two experiments of chlorinating ZrF4 with MgCl2 at temperatures of 400, 450 and 500 °C. 
The XRD spectrums of the sublimed products collected after chlorinating ZrF4 with either MgCl2 
or the respective mixture of MgCl2 and the chlorides of K, Li and Na are presented in Figure 5.9 
to 5.12.  From these Figures, it can be seen that there are no sharp diffraction peaks that could be 
used to identify the compounds that are present in the sublimed products. The lack of sharp 
diffraction peaks indicates that the sublimed products are amorphous. The amorphous nature of 
the sublimed product can be due to rapid cooling of the gaseous product, ZrCl4, produced from 
chlorinating ZrF4 at temperatures of 400, 450, and 500 °C to a lower temperature of 5 °C. As a 
result, the temperature difference between the condensation zone and the reaction zone did not 
give the formed gaseous products enough time to form crystal structures during condensation or 
solidification.  
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Figure 5.9: XRD spectrum of the sublimed product collected after chlorinating ZrF4 with MgCl2 
 
Figure 5.10: XRD spectrum of the sublimed product collected after chlorinating ZrF4 with a 
mixture of MgCl2 and KCl 
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Figure 5.11: XRD spectrum of the sublimed product collected after chlorinating ZrF4 with a 
mixture of MgCl2 and LiCl 
 
Figure 5.12: XRD spectrum of the sublimed product collected after chlorinating ZrF4 with a 
mixture of MgCl2 and NaCl 
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The XRD spectrum of the reaction zone residue collected after chlorinating ZrF4 with MgCl2 is 
shown in Figure 5.13. MgF2 and MgCl2 were both present in the reaction zone residue collected 
after chlorinating ZrF4 with MgCl2, as illustrated in this Figure. The presence of MgF2 in the 
reaction zone residue confirms that a reaction did take place between ZrF4 and MgCl2. While the 
presence of MgCl2 in the reaction zone residue is associated with an incomplete reaction between 
ZrF4 and MgCl2. The intensities of the MgF2 peaks are more prominent than the MgCl2 peaks, as 
shown in Figure 5.13.  
 
Figure 5.13: XRD spectrum of the reaction zone residue collected after chlorinating ZrF4 with 
MgCl2 
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The XRD spectrum of the reaction zone residue collected after chlorinating ZrF4 with a mixture 
of MgCl2 and KCl is shown in Figure 5.14. The chlorination of ZrF4 with a mixture of MgCl2 
and KCl resulted in the formation of K2ZrCl6 and two potassium fluorozirconates with a formula 
of KxZryF(4y+x) (Figure 5.14). The two potassium fluorozirconate compounds detected were 
K2ZrF6 and K3ZrF7.   
 
K2ZrCl6 is likely to be formed by the interaction of the formed gaseous ZrCl4 and the KCl. 
Similarly, the formation of KxZryF(4y+x) requires the interaction of KF and ZrF4.  The 
thermodynamics properties of possible reactions of converting KCl with compounds that are 
present in the reactor during chlorination of ZrF4 are tabulated in Table 5.1. The thermodynamic 
properties of the reactions on this table were determined using HSC Chemistry software, the 
properties were determined at 450 °C. KF is likely to be formed by the reaction of NH4F and 
KCl, which is confirmed by the Gibbs free energy given in Table 5.1.   
 
MgF2, MgCl2 and KCl were also detected in the reaction zone residue collected after chlorinating 
ZrF4 with a mixture of MgCl2 and KCl, as indicated in Figure 5.14. The presence of MgF2 
indicates that a reaction did take place between ZrF4 and MgCl2, while the presence of MgCl2 
can be attributed to an incomplete reaction.  
Chapter five   Chlorination of zirconium fluoride 
70 
 
 
 
Figure 5.14: XRD spectrum of the reaction zone residue collected after chlorinating ZrF4 with a 
mixture of MgCl2 and KCl 
Table 5.1: Possible reactions of forming KF at 450 °C 
Reactions  Δ Enthalpy 
(kJ) 
Δ Entropy 
(J/K) 
Δ Gibbs energy 
(kJ) 
2KCl(s) + MgF2(s) → 2KF(s) + MgCl2(s) 216.68 1.51 215.583 
4KCl(s) + ZrF4(s) → 4KF(s) + ZrCl4(s) 404.01 12.51 394.97 
KCl(s) + HF(g) → KF(s) + HCl(g)  48.21 -4.93 51.78 
KCl(s) + NH4F(s) → KF(s) + NH3(g) + HCl(g) 168.57 244.02 -7.90 
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Figure 5.15 shows the XRD spectrum of the reaction zone residue collected after chlorinating 
ZrF4 with a mixture of MgCl2 and LiCl. The chlorination of ZrF4 with a mixture of MgCl2 and 
LiCl resulted in the formation of MgF2 and four lithium fluorozirconate compounds with a 
formula of LixZryF(4y+x). The four lithium fluorozirconate compounds were Li2ZrF6, Li3ZrF7, 
Li3Zr4F19 and Li4ZrF8. The XRD also detected MgCl2 and LiCl that did not react in the reaction 
zone residue. 
 
The formation of LixZryF(4y+x) compounds require an interaction between LiF and ZrF4. Similar 
to KCl, the thermodynamics properties of reactions of LiCl and compounds that were present in 
the reactor during chlorination of ZrF4 were determined using HSC Chemistry software. The 
results of reactions that are capable of forming LiF were calculated at 450 °C and are given in 
Table 5.2. The thermodynamics properties given in Table 5.2 show that the reaction of LiCl with 
HF(g) and NH4F respectively are capable of forming LiF. This is confirmed by the negative value 
of the change in Gibbs energy, where the negative value indicates the reactions are 
thermodynamically favourable to take place. The LixZryCl(4y+x) compounds were not detected in 
the reaction zone residue, this indicate, that there was no interaction between the formed ZrCl4 
and the LiCl.  
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Figure 5.15: XRD spectrum of the reaction zone residue collected from chlorinating ZrF4 with a 
mixture of MgCl2 and LiCl 
Table 5.2: Possible reactions of forming LiF at 450 °C 
Reactions  Δ Enthalpy 
(kJ) 
Δ Entropy 
(J/K) 
Δ Gibbs energy 
(kJ) 
2LiCl(s) + MgF2(s) → 2LiF(s) + MgCl2(s) 61.43 -17.20 73.87 
4LiCl(s) + ZrF4(s) → 4LiF(s) + ZrCl4(s) 93.52 -24.93 111.55 
LiCl(s) + HF(g) → LiF(s) + HCl(g)  -29.41 -14.29 -19.08 
LiCl(s) + NH4F(s) → LiF(s) + NH3(g) + HCl(g) 90.95 234.67 -78.75 
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fluorozirconate compounds of sodium, NaxZryF(4y+x). The fluorozirconate compounds of sodium 
were Na7Zr6F31 and Na2ZrF6. The formation of NaxZryF(4y+x).compounds requires the interaction 
of NaF and ZrF4. Similar to KCl and LiCl, the thermodynamics properties of the reactions 
between NaCl and compounds that are capable of forming NaF were determined using HSC 
Chemistry software and the results are given in Table 5.3. These compounds were present in the 
reactor during the chlorination of ZrF4 with a mixture of MgCl2 and NaCl. The reaction of NaCl 
and NH4F is thermodynamically favourable to form NaF, this is confirmed by the Gibbs energy 
given in Table 5.3. 
 
Figure 5.16: XRD spectrum of the reaction zone residue collected after chlorinating ZrF4 with a 
mixture of MgCl2 and NaCl 
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Table 5.3: Possible reactions of forming NaF at 450 °C 
Reactions  Δ Enthalpy 
(kJ) 
Δ Entropy 
(J/K) 
Δ Gibbs energy 
(kJ) 
2NaCl(s) + MgF2(s) → 2NaF(s) + MgCl2(s) 148.74 -9.75 155.79 
4NaCl(s) + ZrF4(s) → 4NaF(s) + ZrCl4(s) 268.13 -10.02 275.37 
NaCl(s) + HF(g) → NaF(s) + HCl(g)  14.24 -10.57 21.88 
NaCl(s) + NH4F(s) → NaF(s) + NH3(g) + HCl(g) 134.60 238.39 -38.80 
 
5.2.3 Material Balance 
The material balance determined after chlorinating ZrF4 with either MgCl2 or the respective 
mixtures of MgCl2 and chlorides of K, Li and Na are shown in Figures 5.17 to 5.20. The material 
balances were determined according to Equations 5.3 and 5.4. 
                 ( )  *
          
     ⁄ +          5.3 
                                    5.4 
where:            is either the mass of sublimed products or mass of reaction zone residues 
recovered after an experiment,                 is the combined mass of the sublimed product 
and the reaction zone residue,      is the mass of the reactant mixture placed into the reaction 
zone of the chlorinating reactor and       is the mass of the lost products. The mass of the 
sublimed products collected after chlorinating ZrF4 increased, while that of the reaction zone 
residues decreased with an increase in temperature when ZrF4 was chlorinated with MgCl2, a 
mixture of MgCl2 and LiCl, and a mixture of MgCl2 and NaCl respectively, as illustrated in 
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Figures 5.17, 5.19 and 5.20. The mass of the sublimed products decreased when ZrF4 was 
chlorinated with a mixture of MgCl2 and KCl at 450 °C. However, the mass of the sublimed 
products increased when ZrF4 was chlorinated at 500 °C with a mixture of MgCl2 and KCl.  
 
The chlorozirconate and the fluorozirconates compounds of potassium were detected in the 
reaction zone residues collected after chlorinating ZrF4 with a mixture of MgCl2 and KCl at 
temperatures of 400, 450 and 500 °C. At 450 °C, the low recovery of the sublimed products 
indicates that the formation of the chlorozirconate and the fluorozirconates compounds was 
optimum.   
 
More than 10% of the materials were lost, as illustrated in Figures 5.17 to 5.20. The loss of 
material can be attributed to decomposition of compounds that formed non-condensable gases 
and also the entrainment of solid reactants and products in the non-condensable gases. The non-
condensable were formed by the decomposition of ammonium compounds that were present in 
ZrF4.   
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Figure 5.17: Material balance of chlorinating ZrF4 with MgCl2 
 
Figure 5.18: Material balance of chlorinating ZrF4 with a mixture of MgCl2 and KCl 
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Figure 5.19: Material balance of chlorinating ZrF4 with a mixture of MgCl2 and LiCl 
 
Figure 5.20: Material balance of chlorinating ZrF4 with a mixture of MgCl2 and NaCl 
61.50 59.76 58.80 
0
10
20
30
40
50
60
70
390 400 410 420 430 440 450 460 470 480 490 500 510
M
a
te
ri
a
l 
b
a
la
n
ce
 (
%
) 
Temperature (°C) 
Sublimed products Reaction zone residue Lost
0
10
20
30
40
50
60
70
80
90
100
390 400 410 420 430 440 450 460 470 480 490 500 510
M
a
te
ri
a
l 
b
a
la
n
ce
 (
%
) 
Temperature (°C) 
Sublimed products Reacrion zone residue Lost
Chapter five   Chlorination of zirconium fluoride 
78 
 
5.2.4 Zirconium yield  
The amounts of zirconium recovered in the sublimed products and the reaction zone residues 
collected after chlorinating ZrF4 with either MgCl2 or the respective mixture of MgCl2 and 
chlorides of K, Li and Na are shown in Figures 5.21 and 5.22. The yields of Zr were calculated 
according to Equation 5.5. 
          *
             
        ⁄ +                5.5 
where:              represent the mass of the sublimed zirconium in the form of ZrCl4 and also 
the mass of zirconium present in the reaction zone residue. 
 
The addition of chlorides of K, Li and Na respectively to MgCl2 used to chlorinate ZrF4 resulted 
in a low recovery of Zr in the sublimed products compared to when only MgCl2 was used to 
chlorinate ZrF4, as shown in Figure 5.21. While the reaction zone residues collected after 
chlorinating ZrF4 with the respective mixtures of MgCl2 and the chlorides of K, Li and Na had 
the highest Zr content compared to the reaction zone residues collected after chlorinating ZrF4 
with MgCl2, as shown in Figure 5.22. The highest concentration of Zr in the reaction zone 
residues collect after chlorinating ZrF4 with the respective mixtures of MgCl2 and the chlorides 
of K, Li and Na is attributed to the formation of the fluorozirconate compounds of K, Li and Na, 
and the chlorozirconate compound of K. The optimum formation of the chlorozirconate and 
fluorozirconate compounds of potassium at 450 °C resulted in a low concentration of Zr in the 
sublimed products and a high concentration of Zr in the reaction zone residue, as illustrated in 
Figures 5.21 and 5.22. 
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Figure 5.21: Zirconium yield of the sublimed products from chlorinating ZrF4 
 
Figure 5.22: Zirconium yield of the reaction zone residues from chlorinating ZrF4 
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Chapter Six 
6.0 Purity of the sublimed products 
6.1. Reduction of impurities in the sublimed products 
The normalised concentrations of impurities that were reduced in the sublimed products are 
shown in Figures 6.1, 6.3, 6.5, 6.7, 6.9, 6.11, 6.13 and 6.15. The ratios of the normalised 
concentrations of impurities that remained in the reaction zone residue over the normalised 
concentrations of impurities that were present in ZrF4 are shown in Figures 6.2, 6.4, 6.6, 6.8, 
6.10, 6.12, 6.14 and 6.16. The overall concentrations of impurities reduced from the sublimed 
products are shown in Figure 6.17.  The sublimed products and the reaction zone residues 
were collected after chlorinating ZrF4 with either MgCl2 or the respective mixtures of MgCl2 
and chlorides of K, Li and Na. The chlorination of ZrF4 with either MgCl2 or the respective 
mixtures of MgCl2 and the chloride of K, Li, and Na were conducted at temperatures of 
400, 450 and 500 °C respectively.  
 
ZrF4, the sublimed products and the reaction zone residues were taken for ICP-OES analysis 
to determine the concentration of Zr and impurities that were present. The concentrations of 
impurities that were present in ZrF4, the sublimed products and the reaction zone residue 
were normalised with concentration of Zr that was present in ZrF4, the sublimed products, 
and the reaction zone residue according to Equation 6.1. 
[  ]  
[ ] 
[  ] 
⁄             6.1 
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Where x can either be ZrF4, the sublimed product or the reaction zone residue; [NI] is the 
normalised concentration of impurity; [I] is the detected concentration of impurity by ICP-
OES. [Zr] is the detected concentration of zirconium by ICP-OES. 
 
The concentrations of impurities reduced in the sublimed products were calculated according 
to Equation 6.2.  
     (
([  ]     [  ]  )
[  ]    
⁄ )            6.2 
Where %IR is the percentage of the concentration of impurity reduced in the sublimed 
product; [  ]     is the normalised concentration of impurity detected in ZrF4; [  ]   is the 
normalised concentration of impurity detected in the sublimed product. 
 
The concentrations of impurities in the reaction zone residues were calculated according to 
Equation 6.3. 
           
[  ]   
[  ]    
⁄           6.3 
Where            is the ratio of the concentration of the impurity that remained in the 
reaction residue over the concentration of the impurity that was present in ZrF4; [  ]    is 
the normalised concentration of impurity detected in the reaction residue; [  ]     is the 
normalised concentration of impurity detected in ZrF4. 
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6.1.1. Concentrations of aluminium 
The concentrations of Al reduced in the sublimed products collected after chlorinating ZrF4 
are shown in Figure 6.1. More than 90% of the concentration of Al was reduced in the 
sublimed products collected after chlorinating ZrF4 with MgCl2 at temperatures of 400 
and 450 °C respectively, as illustrated in Figure 6.1. At 500 °C, less than 90% of the 
concentration of Al was reduced in the sublimed products when ZrF4 was chlorinated with 
MgCl2. 
 
The addition of KCl, LiCl and NaCl respectively to MgCl2 that was used to chlorinate ZrF4 at 
400 °C resulted in lower reduction of the concentration of Al in the sublimed products, as 
illustrated in Figure 6.1. The Al concentration in the sublimed product decreased when ZrF4 
was chlorinated at 450 and 500 °C respectively with the respective mixture of MgCl2 and the 
chloride salts of K, Li and Na. At 450 °C, more than 80% of the concentrations of Al were 
reduced in the sublimed product when ZrF4 was chlorinated with either a mixture MgCl2 and 
NaCl or a mixture of MgCl2 and LiCl.  
 
At 500 °C, the sublimed products collected after chlorinating ZrF4 with the respective 
mixtures of MgCl2 and the chlorides of K, Li and Na had the lowest concentrations of Al 
compare to the sublimed products collected after chlorinating with MgCl2. This indicates that 
at 500 °C the respective mixtures of MgCl2 and the chloride of K, Li and Na are more 
efficient at reducing the concentration of Al in the sublimed product than when only MgCl2 
was used to chlorinate ZrF4.  
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From Figure 6.1, it can be concluded that an increase in temperature will decrease the 
concentration of Al reduced in the sublimed products when ZrF4 is chlorinated with MgCl2, 
but increase the concentration of Al reduced in the sublimed products when ZrF4 is 
chlorinated with the respective mixture of MgCl2 and chloride of K, Li and Na, as illustrated 
in Figure 6.1. 
 
Figure 6.1: Concentration of Al reduced in the sublimed products 
The ratios of the concentrations of Al that remained in the reaction zone residue over the 
concentrations of Al that was present in ZrF4 are shown in Figure 6.2.  At 400 °C, the 
reaction zone residue collected after chlorinating ZrF4 with MgCl2 contained nearly the same 
concentration of Al as ZrF4. This is because the ratio of the concentration of Al in the 
reaction zone residue over the concentration of Al in ZrF4 was just above 1, as shown in 
Figure 6.2. At 450 and 500 °C respectively, the ratios of the concentration of Al in the 
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Al in ZrF4 were below 1. This indicated that most of the Al compounds were sublimed when 
ZrF4 was chlorinated with MgCl2.  
 
Almost all the Al compounds were sublimed when ZrF4 was chlorinated with either a mixture 
of MgCl2 and KCl or a mixture of MgCl2 and LiCl at temperatures of 400, 450 and 500 °C 
respectively. This is because the ratios of the concentration of Al in the reaction zone residues 
over the concentration of Al in ZrF4 were close to 0, as shown in Figure 6.2.   
 
The ratio of the concentration of Al in the reaction zone residues collected after chlorinating 
ZrF4 with a mixture of MgCl2 and NaCl at 400 °C over the concentration of Al in ZrF4 was 
nearly equal to 1 (Figure 6.2). This indicates that the reaction zone residues contained nearly 
the same concentration of Al as ZrF4. At 450 and 500 °C respectively, Al was highly 
concentrated in the reaction zone residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl. The concentration of Al in the reaction zone collected after chlorinating 
ZrF4 with a mixture of MgCl2 and NaCl was ten times the concentration of Al in ZrF4 at 
450 °C and three times at 500 °C. 
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Figure 6.2: Concentration of Al that was concentrated in the reaction zone residues 
 
From Figures 6.1 and 6.2, it can be seen that the concentrations of Al are reduced in the 
sublimed products and the reaction zone residues. Therefore, it can be assumed that Al was 
concentrated in the non condensable gases, either in the gaseous form or as entrained solid 
particle. At atmospheric pressure, AlF3 sublimes at 1291 °C while AlCl3 sublimes at 178 °C 
(Weast and Astle, 1980). Therefore, AlF3 was entrained in the non-condensable gases or 
AlCl3 was sublimed and retained in the non-condensable gases during chlorination of ZrF4.  
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400, 450 and 500 °C, as illustrated in Figure 6.3. More than 90% of the concentrations of Ca 
were reduced in the sublimed products when ZrF4 was chlorinating with either a mixture of 
MgCl2 and KCl or a mixture of MgCl2 and NaCl. 
 
The sublimed products collected after chlorinating ZrF4 at 400 °C with a mixture of MgCl2 
and LiCl had the highest concentration of Al compared to the sublimed products collected 
after chlorinating ZrF4 with MgCl2, a mixture of MgCl2 and KCl, and a mixture MgCl2 and 
NaCl. CaCl2 and CaF2 have high boiling points of >1600 and 2500 °C respectively (Weast 
and Astle, 1980), it is correct to assume that the high concentration of Ca in the sublimed 
product collected after chlorinating ZrF4 with a mixture of MgCl2 and LiCl is likely due to 
entrainment of the Ca compound particles in the gaseous products released from the reaction 
mixture. At 450 and 500°C respectively, the concentrations of Ca in the sublimed products 
collected after chlorinating ZrF4 with a mixture of MgCl2 and LiCl were reduced by more 
than 90%. 
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Figure 6.3: Concentration of Ca reduced in the sublimed products 
 
The ratios of the concentrations of Ca in the reaction zone residues over the concentration of 
Ca in ZrF4 are shown in Figure 6.4. The ratio of the concentrations of Ca in the reaction zone 
residues over the concentrations of Ca that was present in ZrF4 were greater than 1 for 
chlorination of ZrF4 with MgCl2 and a mixture of MgCl2 and LiCl respectively at 
temperatures of 400, 450 and 500 °C. At 400 °C and 450 °C the ratio of the concentration of 
Ca was below 1 for chlorination of ZrF4 with a mixture of MgCl2 and KCl. This indicates that 
the concentration Ca in the reaction zone residue was lower than the concentration of Ca that 
was present in ZrF4. The ratio of the concentration of Ca at 450 and 500 °C was above 1 for 
chlorination of ZrF4 with a mixture of MgCl2 and NaCl.  
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Figure 6.4: Concentration of Ca that was concentrated in the reaction zone residues 
 
6.1.3. Concentrations of chromium 
The concentrations of Cr in the sublimed products collected after chlorinating ZrF4 are 
depicted in Figure 6.5. It can be seen from this figure that the reduction of the Cr 
concentrations in the sublimed products was highly satisfactory when ZrF4 was chlorinated 
with MgCl2, a mixture of MgCl2 and KCl, a mixture of MgCl2 and LiCl, and a mixture of 
MgCl2 and NaCl at temperatures of 400, 450 and 500 °C. The highest reduction of the 
concentrations of Cr in the sublimed products were more than 99% when ZrF4 was 
chlorinated with MgCl2 and a mixture of MgCl2 and LiCl respectively at temperatures of 
450 and 500 °C. The remaining concentration of Cr in the sublimed products can be assumed 
to be due to entrainment of Cr particles in the gaseous products that evolved from the reaction 
mixture. 
0
1
2
3
4
5
6
7
8
9
10
11
390 400 410 420 430 440 450 460 470 480 490 500 510
[C
a
 i
n
 r
ea
ct
io
n
re
si
d
u
e]
/[
C
a
 i
n
 Z
rF
4
] 
Temperature (°C) 
MgCl2+KCl MgCl2+NaCl MgCl2+LiCl MgCl2
Chapter Six  Purity of sublimed products 
89 
 
 
Figure 6.5: Concentration of Cr reduced in the sublimed products 
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Figure 6.6: Concentration of Cr that was concentrated in the reaction zone residues 
 
6.1.4. Concentration of iron 
The concentrations of Fe reduced in the sublimed products collected after chlorinating ZrF4 
are depicted in Figure 6.7. The chlorination of ZrF4 at 400 °C with MgCl2 resulted in a high 
reduction of Fe concentration in the sublimed product as compared to chlorination with the 
respective mixtures of MgCl2 and chlorides of K, Li and Na. Decreases in the concentrations 
of Fe reduced in the sublimed products were observed when ZrF4 was chlorinated with 
MgCl2 at temperatures of 450 and 500 °C respectively. Similarly, decreases in the 
concentrations of Fe reduced in the sublimed products were observed when the temperatures 
of chlorinating ZrF4 with a mixture of MgCl2 and NaCl were increased, as shown in Figure 
6.7. 
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A slight increase in the concentration of Fe reduced in the sublimed products was observed 
when ZrF4 was chlorinated at 450 °C with a mixture of MgCl2 and LiCl. But at 500 °C, the 
concentration of Fe reduced in the sublimed decreased when ZrF4 was chlorinated with a 
mixture of MgCl2 and LiCl.  
 
The lowest reduction of the concentration of Fe in the sublimed products were observed when 
ZrF4 was chlorinated with a mixture of MgCl2 and KCl at 400 °C, 20% reduction of Fe 
concentration was achieved. The concentration of Fe reduced in the sublimed products 
increased when the temperature of chlorinating ZrF4 with a mixture of MgCl2 and KCl were 
increased to 450 and 500 °C respectively.  
 
Figure 6.7: Concentration of Fe reduced in the sublimed products 
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The ratios of the concentrations of Fe in the reaction zone residues over the concentration of 
Fe that was present in ZrF4 are depicted in Figure 6.8.  From Figure 6.8, it is clearly evident 
that Fe was concentrated in the reaction zone residue collected after chlorinating ZrF4 with 
either MgCl2 or the respective mixtures of MgCl2 and chlorides of K, Li and Na. This is 
because the ratios of the concentration of Fe in the reaction zone residues to the 
concentrations of Fe that was present in ZrF4 were all above 1.  
 
Figure 6.8: Concentration of Fe that was concentrated in the reaction zone residues 
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by chlorinating ZrF4 with a mixture of MgCl2 and KCl. At 450 and 500 °C, the highest 
reduction of the concentration of Mn was achieved by chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl. The lowest reduction of the concentration of Mn in the sublimed product at 
450 and 500 °C was achieved by chlorinating ZrF4 with MgCl2. This shows that addition of 
chlorides of K, Li and Na to MgCl2 that was used to chlorinate ZrF4 increased the reduction 
of the concentration of Mn in the sublimed products. 
 
Figure 6.9: Concentration of Mn reduce in the sublimed products 
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chlorinating ZrF4 with MgCl2 had the highest concentration of Mn compared to chlorinating 
ZrF4 with the respective mixture of MgCl2 and chlorides of K, Li and Na. 
 
Figure 6.10: Concentration of Mn that was concentrated in the reaction zone residues 
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from 90 to 85% when ZrF4 was chlorinated at 500 °C. Therefore, the addition of KCl resulted 
in a decrease in the concentration of Ni reduced in the sublimed products when the 
temperature of chlorinating ZrF4 was increased. NiCl2 and NiF2 have high sublimation 
temperatures of 973 and 1000 °C respectively at atmospheric pressure. This suggests that the 
presence of Ni in the sublimed products is likely due to entrainment of Ni compounds in the 
stream of the gaseous products released from the reaction mixture. 
 
Figure 6.11: Concentration of Ni reduced in the sublimed products 
 
The ratios of the concentrations of Ni in the reaction zone residue over the concentrations of 
Ni that was present in ZrF4 are depicted in Figure 6.12. The concentration of Ni in the 
reaction zone residue over the concentrations of Ni that was present in ZrF4 were all above 1, 
this shows that Ni was concentrated in the reaction zone residue, as illustrated in Figure 6.12. 
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Figure 6.12: Concentration of Ni that was concentrated in the reaction zone residues 
 
6.1.7. Concentrations of titanium 
The concentrations of Ti reduced in the sublimed products collected after chlorinating ZrF4 
are depicted in Figure 6.13. Adequate concentrations of Ti were reduced in the sublimed 
products collected after chlorinating ZrF4 at 400 °C with either MgCl2 or a mixture of MgCl2 
and KCl. Poor reduction of the concentration of Ti in the sublimed products was observed 
when chlorination was conducted with either a mixture of MgCl2 and LiCl or a mixture of 
MgCl2 and NaCl. An improvement in the concentration of Ti reduced in the sublimed 
products was observed when ZrF4 was chlorinated at 450 °C with either MgCl2 or the 
respective mixtures of MgCl2 and the chlorides of K, Li and Na. The reduction of the 
concentrations of Ti in the sublimed products was still adequate when ZrF4 was chlorinated at 
500 °C with MgCl2, a mixture of MgCl2 and KCl, and a mixture of MgCl2 and LiCl 
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respectively. The chlorination of ZrF4 with a mixture of MgCl2 and NaCl at 500 °C resulted 
in a poor reduction of the concentration of Ti.  Low reduction of the concentration of Ti in 
the sublimed products can be attributed to either the formation of Ti compounds with low 
boiling points, such as TiCl4, or the sublimation of TiF4. TiCl4 has a boiling point of 136 °C, 
while TiF4 has a sublimation temperature of 284 °C at atmospheric pressure (Weast and 
Astle, 1980).  
 
Figure 6.13: Concentration of Ti reduced in the sublimed products 
  
The ratios of the concentration of Ti in the reaction zone residues over the concentration of Ti 
that was present in ZrF4 products are depicted in Figure 6.14. The ratios of the concentrations 
of Ti in the reaction zone residues over the concentration of Ti that were all above 1, except 
when ZrF4 was chlorinated with a mixture of MgCl2 and  KCl at 450 and 500 °C respectively. 
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Therefore, chlorination of ZrF4 with a mixture of MgCl2 and KCl at 450 and 500 °C resulted 
in volatilization or entrainment of most of the Ti compounds that was present in ZrF4. 
 
Figure 6.14: Concentration of Ti that was concentrated in the reaction zone residues 
 
6.1.8. Concentration of uranium 
The concentration of U reduced in the sublimed products collected after chlorinating ZrF4 are 
depicted in Figure 6.15. Chlorination of ZrF4 with the respective mixture of MgCl2 and the 
chlorides of K, Li and Na resulted in a high reduction of the concentration of U compared 
with chlorinating ZrF4 with MgCl2 at 400 °C. At 450 °C, the highest reduction of the 
concentration of U was achieved by chlorinating ZrF4 with MgCl2. The highest reduction of 
the concentration of U at 500 °C was achieved by chlorinating ZrF4 with a mixture of MgCl2 
and KCl, while the lowest reduction of the concentration of U was with MgCl2 and a mixture 
of MgCl2 and LiCl respectively. 
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Figure 6.15: Concentration of U reduced in the sublimed products 
 
The ratios of the concentrations of U in the reaction zone residues over the concentrations of 
U that was present in ZrF4 are depicted in Figure 6.16. The ratios were all above 1, indicating 
that the concentrations of U in the reaction zone residues were greater than the concentration 
of U that was present in ZrF4. 
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Figure 6.16: Concentration of U that was concentrated in the reaction zone residues 
 
6.1.9. Overall reduction of impurities in the sublime products  
The total concentrations of impurities reduced in the sublimed products collected after 
chlorinating ZrF4 are presented in Figure 6.17. It can be seen that at 400 °C, the highest 
reduction of the concentrations of impurities in the sublimed products was achieved by 
chlorinating ZrF4 with MgCl2. At 450 and 500 °C, the highest reduction of the concentration 
of impurities in the sublimed products was achieved by chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl. The lowest reduction of the concentration of impurities in the sublimed 
product was achieved by chlorinating ZrF4 with a mixture of MgCl2 and KCl at 400 and 
450 °C. At 500 °C, the lowest reduction of the concentrations of impurities was achieved by 
chlorinating ZrF4 with a mixture of MgCl2 and NaCl. 
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 The total concentrations of impurities in the sublimed products decreased when the 
temperature of chlorinating ZrF4 with MgCl2 was increased, as shown in Figure 6.17. The 
decrease in reduction of the total concentrations of impurities in the sublimed product can be 
attributed to an increase in entrainment of the non-volatile impurities in the stream of gaseous 
products that was released from the reaction mixture, as well as an increase in the sublimation 
rates of volatile impurities. The impurities that formed volatile chloride compounds were not 
determined at this stage.  
 
An increase in reduction of the concentrations of impurities in the sublimed products was 
observed when the temperature of chlorinating ZrF4 with a mixture of MgCl2 and KCl was 
increased. This can be due to entrapment of the impurities by the formed complex of either 
KCl and ZrCl4 or KF and ZrF4. 
 
The concentrations of impurities in the sublimed products decreased slightly when the 
temperature of chlorinating ZrF4 with a mixture of MgCl2 and NaCl was increased from 400 
to 450 °C. But the concentrations of impurities reduced remained constant when the 
temperature was increased from 450 to 500 °C. This shows that the concentrations of 
impurities reduced in the sublimed products will remain constant irrespective of the 
temperature used to chlorinate ZrF4 with a mixture of MgCl2 and NaCl. The concentrations of 
impurities reduced in the sublimed products increased slightly when the temperature of 
chlorinating ZrF4 with a mixture of MgCl2 and LiCl was increased from 400 to 450 °C, but 
decreased when the temperature was increased from 400 to 500 °C, as illustrated in Figure 
6.17. 
Chapter Six  Purity of sublimed products 
102 
 
The addition of chlorides of K, Li and Na respectively to MgCl2 used to chlorinate ZrF4 had a 
significant impact on the total concentrations of impurities reduced in the sublimed products, 
as illustrated in Figure 6.17. At 400 °C, it can be seen that the concentrations of the 
impurities reduced in the sublimed products decreased when chlorides of K, Li and Na were 
added respectively to MgCl2 that was used to chlorinate ZrF4. This shows that the added 
chlorides of K, Li and Na promote the volatilization and entrainment of impurities that were 
initially present in ZrF4. At 450 and 500 °C, the chlorination of ZrF4 with a mixture of MgCl2 
and LiCl out performed chlorination of ZrF4 with MgCl2, a mixture of MgCl2 and KCl, and a 
mixture of MgCl2 and NaCl, with respect to the total concentrations of impurities reduced in 
the sublimed products.  
 
Figure 6.17. Overall concentration of impurities reduced in the sublimed products 
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6.2. Comparison of the impurities and the zirconium yield of the sublimed product 
The comparison of the impurities reduced and the Zr yield of the sublimed products collected 
after chlorinating ZrF4 with either MgCl2 or the respective mixtures of MgCl2 and the 
chlorides of K, Li and Na is presented in Figures 6.18 to 6.21. 
 
The concentrations of the impurities reduced in the sublimed products and the yield of Zr 
recovered in the sublimed products collected after chlorinating ZrF4 with MgCl2 are shown in 
Figure 6.18. The concentration of impurities reduced in the sublimed products decreased with 
an increase in temperature, while the yield of Zr in the sublimed products increases with an 
increase in temperature. Since an increase in temperature will result in an increase in the 
reaction rate, which will lead to an increase in the amount of gaseous products formed, 
therefore, the decrease in the concentration of impurities reduced can be attributed to 
volatilization of volatile impurities and entrainment of non-volatile impurities in the formed 
gaseous products. 
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Figure 6.18: Comparison of Zr yield and impurities reduced in the sublimed product 
collected after chlorinating ZrF4 with MgCl2 
 
The concentrations of impurities reduced and the yields of Zr recovered in the sublimed 
products collected after chlorinating ZrF4 with a mixture of MgCl2 and KCl are shown in 
Figure 6.19. This figure reveals that the yield of Zr decreased when ZrF4 was chlorinated at 
450 °C compared to when chlorination was conducted at 400 °C. This indicates that the 
formation of the chlorozirconate and fluorozirconates of potassium was optimum at 450 °C. 
The reduction of the concentrations of impurities in the sublimed products increased with an 
increase in temperature irrespective of the decrease and increase of the Zr yield with an 
increase in temperature.  
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Figure 6.19: Comparison of Zr yield and impurities reduced in the sublimed product 
collected after chlorinating ZrF4 with a mixture of MgCl2 and KCl 
 
The concentrations of impurities reduced and the yields of Zr recovered in the sublimed 
products collected after chlorinating ZrF4 with a mixture of MgCl2 and LiCl are shown in 
Figure 6.20. It is observed from this figure that almost 90% of the concentration of impurities 
was reduced in the sublimed products, while just less than 50% of Zr was recovered in the 
sublimed products when ZrF4 was chlorinated at 400 °C. At 450 °C, about 96% of the 
concentrations of the impurities were reduced in the sublimed product and less than 90% of 
the concentrations of the impurities were reduced when ZrF4 was chlorinated at 500 °C. The 
yield of Zr kept on increasing with an increase in the temperature of chlorinating ZrF4 with a 
mixture of MgCl2 and LiCl, as illustrated in the figure.  
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Figure 6.20: Comparison of Zr yield and impurities reduced in the sublimed product 
collected after chlorinating ZrF4 with a mixture of MgCl2 and LiCl 
 
The concentrations of impurities reduced in the sublimed products and the yields of Zr 
recovered in the sublimed products collected after chlorinating ZrF4 with a mixture of MgCl2 
and NaCl are shown in Figure 6.21. It can be seen that more than 80% of the concentrations 
of impurities were reduced and less than 20% of Zr was recovered in the sublimed products 
collected after chlorinating ZrF4 at 400 °C with a mixture of MgCl2 and NaCl. When ZrF4 
was chlorinated at 450 and 500 °C respectively, the concentrations of impurities reduced in 
the sublimed product remained constant. The yield of Zr increased with an increase in 
temperatures of chlorinating ZrF4 with a mixture of MgCl2 and NaCl.  
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Figure 6.21: Comparison of Zr yield and impurities reduced in the sublimed product 
collected after chlorinating ZrF4 with a mixture of MgCl2 and NaCl 
 
From the analysis of the data plotted in Figures 6.18 to 6.21, it is clear that to obtain the 
sublimed product with minimal concentrations of impurities, either ZrF4 is chlorinated with 
MgCl2 at 400 °C or a mixture of MgCl2 and LiCl at 450 °C. A satisfactory yield of about 
60% of Zr was recovered from chlorinating ZrF4 with either MgCl2 at 400 °C or a mixture of 
MgCl2 and LiCl at 450 °C. Poor recovery of Zr and reduction of the concentrations of 
impurities were observed when ZrF4 was chlorinated with a mixture of MgCl2 and KCl, as 
illustrated in Figure 6.19. No significant change in the concentrations of impurities reduced in 
the sublimed products collected after chlorinating ZrF4 with a mixture of MgCl2 and NaCl 
was observed. About 80% of the concentrations of impurities were reduced in the sublimed 
products collected after chlorinating ZrF4 with a mixture MgCl2 and NaCl at 
400, 450 and 500 °C. 
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6.3. Separation of hafnium from zirconium 
The concentration of Hf reduced in the sublimed products collected after chlorinating ZrF4 
are depicted in Figure 6.22. From this figure, it can be observed that the highest reduction of 
the concentration of Hf in the sublimed products was observed when ZrF4 was chlorinated 
with a mixture of MgCl2 and NaCl at 400 °C. A decrease in the concentrations of Hf reduced 
in the sublimed product was observed when the temperature of chlorinating ZrF4 with a 
mixture of MgCl2 and NaCl was increased.  
 
More than 25% reduction of the concentration of Hf was observed when ZrF4 was chlorinated 
at 400 °C with a mixture of MgCl2 and KCl. Chlorination of ZrF4 at 450 °C resulted in a 
decrease in the concentration of Hf reduced in the sublimed products. A slight increase in the 
concentration of Hf was observed when ZrF4 was chlorinated at 500 °C with a mixture of 
MgCl2 and KCl.  
 
More than 20% of the concentration of Hf was reduced in the sublimed products when ZrF4 
was chlorinated at 400 and 450 °C with MgCl2. At 500 °C, reduction of the concentration of 
Hf did not take place, as a result the sublimed products collected after chlorinating ZrF4 with 
MgCl2 were highly concentrated with Hf. About 3% of the concentration of Hf was reduced 
in the sublimed product collected after chlorinating ZrF4 with a mixture of MgCl2 and LiCl at 
400, 450 and 500 °C respectively.  
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Figure 6.22: Concentration of Hf reduced in the sublimed products 
 
The ratios of the concentration of Hf in the reaction zone residue over the concentration of Hf 
that was present in ZrF4 are depicted in Figure 6.23. This figure shows that the concentration 
of Hf retained in the reaction zone residue was greater than the concentration of Hf that was 
present in ZrF4 when ZrF4 was chlorinated at 400, 450 and 500 °C with MgCl2, a mixture of 
MgCl2 and LiCl, and a mixture of MgCl2 and NaCl.   
 
The concentration of Hf in the reaction zone residue was less than the concentration of Hf 
that was present in ZrF4 when ZrF4 was chlorinated with a mixture of MgCl2 and KCl at 
400 °C, because the ratio was below 1. At 450 and 500 °C the concentration of Hf in the 
reaction zone residue was greater than the concentration of Hf in ZrF4 when ZrF4 was 
chlorinated with a mixture of MgCl2 and KCl.  
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Figure 6.23: Concentrations of Hf that was concentrated in the reaction zone residues 
 
From Figure 6.22 and 6.23, it is evident that the method of chlorinating ZrF4 with MgCl2 has 
a potential to separate Zr and Hf. At this point we can only speculate that the separation of Zr 
and Hf is governed by the difference in reaction rate of ZrF4 and HfF4 with MgCl2. 
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Chapter Seven 
7.0 Conclusions and Recommendations 
7.1. Conclusions 
The chemistry, methods of preparing and application of ZrCl4 and ZrF4 are well documented in 
the literatures. Also, the methods of purifying ZrCl4 and separating of zirconium and hafnium are 
available in open literatures. ZrCl4 is extensively used in both hydro and pyro metallurgical 
methods of separating zirconium and hafnium. This is due to the high solubility of ZrCl4 in water 
and organic solvents, and also the low sublimation temperature of ZrCl4 compared to ZrF4. 
However, the impurities in ZrCl4 affect both hydro and pyro metallurgical processes of 
separating zirconium and hafnium. But solutions were found by modifying the carbo-
chlorination process and also by complex formation with low boiling eutectic solution of alkali 
or alkaline chloride.  
 
Thermodynamics evaluations showed that the chlorination of ZrF4 with CaCl2, KCl, LiCl, and 
NaCl respectively was not favourable, while the chlorination of ZrF4 with either MgCl2 or BeCl2 
was thermodynamically favourable. Only MgCl2 was used to conduct the chlorination 
experiments because it was much cheaper compared to BeCl2.  
 
Both isothermal and non-isothermal conditions of chlorinating ZrF4 with MgCl2 were 
successfully studied. A variation in the apparent activation energy of chlorinating ZrF4 was 
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observed when non-isothermal conditions were used to determine the kinetic of chlorinating ZrF4 
with MgCl2. The variation of the apparent activation is attributed to either constant change in the 
reaction mechanisms or reaction mechanisms competing at the same time. Therefore model 
fitting could not be applied to determine the reaction constant and the rate law of chlorinating 
ZrF4 with MgCl2.  
 
Kinetic information could not be determined using the isothermal condition. The reaction 
progressed towards completion before the respective isothermal temperatures were reached. As a 
result, determining the kinetic parameters from the data generated using the isothermal 
conditions was going to be a challenge and probably inaccurate.  
 
The procedures of chlorinating ZrF4 prepared at Necsa with either MgCl2 or the respective 
mixtures of MgCl2 and chloride of K, Li and Na were successfully followed. Chlorination of 
ZrF4 was conducted at temperatures of 400, 450 and 500 °C. The pressure response observed 
during and after chlorination of ZrF4 showed that non condensable gases were present in the 
reactor.  
 
Sharp diffraction peaks were not present on the XRD spectrums of the sublimed products. The 
lack of sharp diffraction peaks indicates that the sublimed products were amorphous. The 
presence of MgF2 in the reaction zone residue collected after chlorinating ZrF4 with either MgCl2 
or the respective mixture of MgCl2 and chloride of K, Li and Na confirmed that a reaction did 
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take place between MgCl2 and ZrF4. The concentration of zirconium in the sublimed products 
proved that either ZrCl4 or ZrF4 was sublimed during the experiments. But the conditions used 
during the chlorination of ZrF4 favours the sublimation of ZrCl4 than ZrF4. 
 
The recovery of zirconium in the sublimed products increased with an increase in the 
temperatures when ZrF4 was chlorinated with MgCl2, a mixture of MgCl2 and LiCl, and a 
mixture of MgCl2 and NaCl. A decrease in the recovery of zirconium was observed when ZrF4 
was chlorinated with a mixture of MgCl2 and KCl at 450 °C, but the recovery improved when 
the temperature was increased to 500 °C. 
 
The addition of KCl, LiCl and NaCl respectively to MgCl2 used to chlorinate ZrF4 resulted in 
reduction of the concentration of zirconium recovered in the sublimed products compared to 
chlorination with only MgCl2. This was due to formation of fluorozirconate compounds of K, Li 
and Na respectively and also the chlorozirconate of potassium. The highest recovery of 
zirconium, ca. 80%, was achieved by chlorinating ZrF4 with MgCl2 at 500 °C. The lowest 
recovery of zirconium, ca. 10%, was achieved by chlorinating ZrF4 with a mixture of MgCl2 and 
KCl at 450 °C. 
 
The chlorination of ZrF4 with either MgCl2 or the respective mixtures of MgCl2 and chlorides of 
K, Li and Na was highly effective in reducing the concentration of impurities that were present 
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in the starting material. Zirconium recovered in the sublimed products contained low 
concentrations of impurities compared to zirconium that was present in the starting material.  
 
The highest reduction of the concentration of impurities was achieved by chlorinating ZrF4 with 
a mixture of MgCl2 and LiCl at 450 °C, more than 96% of the concentrations of impurities were 
reduced. At 400 °C, chlorination with only MgCl2 resulted in more than 95% reduction of the 
concentrations of impurities. The chlorination with either a mixture of MgCl2 and KCl or a 
mixture or MgCl2 and NaCl resulted in less than 85% reduction of the concentration of 
impurities in zirconium that was recovered in the sublimed products. The following observations 
were made with respect to the impurities that were present: 
 Chlorides or fluorides impurities with a high boiling or sublimation temperature than the 
temperatures used to chlorinate ZrF4 were concentrated in the reaction zone residue. 
  Chlorides or fluorides impurities with a low boiling or sublimation temperature than the 
temperatures used to chlorinate ZrF4 were either concentrated in the sublimed product or 
in the non condensable gases. 
 
The comparison of zirconium recovered in the sublimed product and the concentration of 
impurities reduced in the sublimed products showed that chlorination with either MgCl2 or a 
mixture of MgCl2 and LiCl are highly preferred. This is due to the satisfactory yield of more 
60% recovery of zirconium in the sublimed products and the high reduction of more than 95% of 
impurities from zirconium that was recovered in the sublimed products.  
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The separation of zirconium and hafnium was achieved during chlorination of ZrF4. The highest 
reduction of hafnium in the sublimed products was observed when ZrF4 was chlorinated at 
400 °C with a mixture of MgCl2 and NaCl but the zirconium recovered in the sublimed products 
was extremely low, just below 20%. More than 20% of hafnium was reduced in the sublimed 
products when ZrF4 was chlorinated with MgCl2. A low reduction of hafnium, less than 5%, was 
achieved when ZrF4 was chlorinated with a mixture of MgCl2 and LiCl at 400, 450 and 500 °C 
respectively.  
In summary, the following objectives were achieved from this study: 
1. MgCl2 was thermodynamically selected as a suitable chlorinating agent, which this is in 
agreement with the method of Blumenthal (1953). 
2. The purification of zirconium via chlorination of ZrF4 with MgCl2 to produce ZrCl4 was 
achieved. The process showed potential as a method of separating zirconium and hafnium. 
3. The addition of LiCl to MgCl2 resulted in higher purity of the formed ZrCl4 at 450 °C than 
when only MgCl2 was used. The addition of KCl and NaCl to MgCl2 resulted in a low purity 
and low recovery of zirconium in the sublimed products than when ZrF4 is chlorinated with 
only MgCl2.  
4. The optimum temperature of chlorinating ZrF4 was established as 400 °C with MgCl2. 
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7.2. Recommendations  
The chlorination of ZrF4 was conducted in a batch process. It is recommended that chlorination 
of ZrF4 is conducted in a semi batch with products being extracted during the experiment or 
continuous, because high purity ZrCl4 with less volatile impurities can be recovered. This can be 
achieved by cooling the sublimed products at 50 to 100 °C below the sublimation of ZrCl4. As a 
result, ZrCl4 will condense while the impurities with a lower sublimation temperature will 
remain in the gaseous phase.  
The chlorination of ZrF4 with MgCl2 at 400°C is highly recommended, taking into account the 
concentration of impurities and hafnium reduced and the yield of zirconium, compared to 
chlorinating with a mixture of MgCl2 and chloride of K, Li and Na. 
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Appendix A: Thermogravimetric analyser experimental data (Kinetic study)  
 
A.1. Non-Isothermal conditions of determining the kinetics of chlorinating ZrF4 with 
MgCl2 
 
TGA  results generated using a heating rate of 5 °C/min to determine the non-isothermal 
condition of chlorinating ZrF4 with MgCl2 
Initial sample weight = 10.69 
Final sample weight = 6.48 
Weight loss = 4.21 mg 
 TGA Data 
Time (s) Temperature (°C) Mass (mg) 
 
Time (s) Temperature (°C) Mass (mg) 
0 20.80 10.69  4600 398.99 8.68 
100 27.85 10.69  4700 407.22 8.39 
200 35.64 10.68  4800 415.46 8.13 
300 43.61 10.67  4900 423.66 7.91 
400 51.63 10.67  5000 431.75 7.73 
500 59.71 10.66  5100 439.97 7.58 
600 67.81 10.65  5200 448.18 7.43 
700 75.91 10.65  5300 456.32 7.31 
800 84.09 10.65  5400 464.50 7.21 
900 92.40 10.63  5500 472.64 7.12 
1000 100.59 10.60  5600 480.83 7.03 
1100 108.77 10.57  5700 489.03 6.96 
1200 117.06 10.55  5800 491.47 6.89 
1300 125.42 10.55  5900 489.92 6.86 
1400 133.81 10.55  6000 488.97 6.84 
1500 141.98 10.40  6100 488.39 6.81 
1600 150.28 10.39  6200 488.04 6.80 
1700 158.48 10.36  6300 487.83 6.78 
1800 166.79 10.33  6400 487.69 6.77 
1900 175.13 10.32  6500 487.60 6.76 
2000 183.41 10.28  6600 487.60 6.74 
2100 191.66 10.25  6700 487.54 6.73 
2200 199.88 10.25  6800 487.43 6.73 
2300 208.29 10.24  6900 487.52 6.70 
2400 216.74 10.23  7000 487.59 6.69 
2500 225.04 10.20  7100 487.67 6.68 
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2600 233.32 10.19  7200 487.60 6.66 
2700 241.61 10.17  7300 487.56 6.67 
2800 250.01 10.16  7400 487.65 6.64 
2900 258.31 10.14  7500 487.59 6.63 
3000 266.60 10.09  7600 487.62 6.62 
3100 274.94 10.05  7700 487.63 6.61 
3200 283.41 10.03  7800 487.63 6.60 
3300 291.63 10.03  7900 487.64 6.61 
3400 299.89 10.03  8000 487.60 6.60 
3500 308.33 10.03  8100 487.65 6.59 
3600 316.59 10.03  8200 487.70 6.56 
3700 324.84 10.03  8300 487.69 6.55 
3800 333.21 10.03  8400 487.64 6.56 
3900 341.39 10.03  8500 487.69 6.55 
3918 342.89 10.03  8600 487.69 6.54 
4000 349.74 10.02  8700 487.71 6.51 
4100 357.92 9.95  8800 487.69 6.52 
4200 366.14 9.73  8900 487.69 6.51 
4300 374.38 9.48  9000 487.76 6.48 
4400 382.62 9.23  9100 487.71 6.48 
4500 390.78 8.95  
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TGA  results generated using a heating rate of 10 °C/min to determine the non-isothermal 
condition of chlorinating ZrF4 with MgCl2 
Initial sample weight = 11.08 mg  
Final sample weight = 6.78 mg 
Weight loss = 4.3 mg 
 TGA Data 
Time (s) Temperature (°C) Mass (mg) 
 
Time (s) Temperature (°C) Mass (mg) 
0 16.96 11.08 
 
2400 413.51 8.94 
100 30.57 11.08 
 
2500 429.92 8.4 
200 46.09 11.08 
 
2600 446.28 8 
300 62.52 11.07 
 
2700 462.58 7.7 
400 79.26 11.07 
 
2800 478.93 7.45 
500 96.15 11.06 
 
2900 494.23 7.24 
600 113.09 11.05 
 
3000 492.42 7.11 
700 130.01 11.05 
 
3100 489.73 7.02 
800 146.88 11.03 
 
3200 487.95 6.97 
900 163.69 11.03 
 
3300 486.83 6.93 
1000 180.51 11.03 
 
3400 486.17 6.9 
1100 197.2 11.02 
 
3500 485.86 6.87 
1200 213.95 10.99 
 
3600 485.61 6.85 
1300 231.03 10.96 
 
3700 485.47 6.83 
1400 247.82 10.94 
 
3800 485.39 6.82 
1500 264.52 10.94 
 
3900 485.34 6.81 
1600 281.26 10.92 
 
4000 485.39 6.79 
1700 297.96 10.92 
 
4100 485.4 6.78 
1800 314.67 10.92 
 
4200 485.43 6.78 
1900 331.24 10.92 
 
4300 485.36 6.78 
2000 347.88 10.92 
 
   
2045 355.36 10.92 
 
   
2100 364.46 10.91 
 
   
2200 380.66 10.32 
 
   
2300 397.07 9.62 
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TGA  results generated using a heating rate of 15 °C/min to determine the non-isothermal 
condition of chlorinating ZrF4 with MgCl2 
Initial sample weight = 12.58 mg 
Final sample weight = 8.42 mg 
Weight loss = 4.16 mg 
 TGA Data 
Time (s) Temperature (°C) Mass (mg) 
0 15.69 12.58 
100 34.63 12.58 
200 58.41 12.57 
300 83.69 12.56 
400 109.68 12.56 
500 135.69 12.55 
600 161.89 12.55 
700 187.68 12.55 
800 213.17 12.55 
900 239.3 12.53 
1000 265.01 12.53 
1100 290.45 12.52 
1200 315.98 12.52 
1266 332.71 12.52 
1300 341.28 12.50 
1400 366.44 12.44 
1500 391.27 12.07 
1600 415.96 11.02 
1700 440.85 10.13 
1800 465.56 9.61 
1900 490.19 9.21 
2000 500.65 8.86 
2100 496.04 8.67 
2200 492.84 8.60 
2300 490.76 8.56 
2400 489.51 8.53 
2500 488.8 8.49 
2600 488.4 8.46 
2700 488.12 8.42 
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TGA  results generated using a heating rate of 20 °C/min to determine the non-isothermal 
condition of chlorinating ZrF4 with MgCl2 
Initial sample weight = 10.50 mg 
  
 
Final sample weight = 6.18 mg 
  
 
Weight Loss = 4.32 mg 
  
 
 TGA Data 
Time (s) Temperature (°C) Mass (mg) 
 
Time (s) Temperature (°C) Mass (mg) 
0 19.15 10.50 
 
2700 487.41 6.45 
100 44.72 10.49 
 
2800 487.42 6.43 
200 77.32 10.49 
 
2900 487.39 6.41 
300 112.01 10.47 
 
3000 487.37 6.40 
400 147.44 10.46 
 
3100 487.40 6.38 
500 183.00 10.44 
 
3200 487.39 6.37 
600 217.79 10.42 
 
3300 487.46 6.35 
700 253.08 10.42 
 
3400 487.47 6.34 
800 287.73 10.40 
 
3500 487.47 6.33 
867 310.75 10.40 
 
3600 487.47 6.32 
900 322.03 10.38 
 
3700 487.49 6.31 
1000 355.87 10.32 
 
3800 487.56 6.29 
1100 389.44 10.04 
 
3900 487.48 6.28 
1200 422.48 8.95 
 
4000 487.50 6.28 
1300 455.56 8.13 
 
4100 487.54 6.26 
1400 488.37 7.57 
 
4200 487.49 6.26 
1500 504.17 7.13 
 
4300 487.51 6.25 
1700 493.79 6.82 
 
4400 487.61 6.23 
1800 491.14 6.73 
 
4500 487.59 6.22 
1900 489.58 6.66 
 
4600 487.59 6.22 
2000 488.54 6.61 
 
4700 487.54 6.21 
2100 488.02 6.58 
 
4800 487.56 6.20 
2200 487.77 6.55 
 
4900 487.61 6.19 
2300 487.60 6.53 
 
5000 487.58 6.18 
2400 487.49 6.50 
   
 
2500 487.41 6.48 
   
 
2600 487.39 6.47 
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A.2. Isothermal conditions of determining the kinetics of chlorinating ZrF4 with MgCl2 
 
TGA  results generated using a heating rate of 20 °C/min to determine the isothermal kinetic 
at 400°C condition of chlorinating ZrF4 with MgCl2 
Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
 Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
16.50 350.78 9.94  34.00 388.62 7.34 
17.00 360.87 9.90  34.50 388.57 7.36 
17.50 370.93 9.89  35.00 388.54 7.34 
18.00 380.89 9.85  35.50 388.51 7.34 
18.50 390.66 9.42  36.00 388.52 7.32 
19.00 400.59 9.06  36.50 388.50 7.31 
19.50 406.68 8.68  37.00 388.50 7.32 
20.00 406.86 8.40  37.50 388.49 7.30 
20.50 405.32 8.16  38.00 388.45 7.32 
21.00 403.38 8.03  38.50 388.42 7.30 
21.50 401.43 7.92  39.00 388.38 7.31 
22.00 399.66 7.85  39.50 388.37 7.29 
22.50 398.09 7.79  40.00 388.38 7.26 
23.00 396.73 7.75  40.50 388.41 7.25 
23.50 395.60 7.73  41.00 388.42 7.26 
24.00 394.55 7.68  41.50 388.45 7.28 
24.50 393.67 7.66  42.00 388.46 7.27 
25.00 392.89 7.63  42.50 388.45 7.30 
25.50 392.19 7.61  43.00 388.44 7.26 
26.00 391.65 7.60  43.50 388.42 7.30 
26.50 391.17 7.61  44.00 388.45 7.27 
27.00 390.77 7.58  44.50 388.43 7.27 
27.50 390.41 7.53  45.00 388.45 7.25 
28.00 390.08 7.54  45.50 388.42 7.26 
28.50 389.85 7.52  46.00 388.42 7.29 
29.00 389.62 7.46  46.50 388.39 7.29 
29.50 389.45 7.46  47.00 388.42 7.28 
30.00 389.26 7.47  47.50 388.39 7.24 
30.50 389.13 7.44  48.00 388.42 7.29 
31.00 388.97 7.41  48.50 388.40 7.30 
31.50 388.85 7.40  49.00 388.40 7.30 
32.00 388.81 7.40  49.50 388.41 7.26 
32.50 388.72 7.39  50.00 388.38 7.29 
33.00 388.71 7.40  50.50 388.42 7.27 
33.50 388.64 7.36  51.00 388.40 7.20 
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TGA  results generated using a heating rate of 20 °C/min to determine the isothermal kinetic 
at 450°C condition of chlorinating ZrF4 with MgCl2 
Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
 Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
16.50 349.40 9.29  34.00 437.60 6.47 
17.00 359.50 9.27  34.50 437.51 6.47 
17.50 369.60 9.27  35.00 437.46 6.46 
18.00 379.54 9.20  35.50 437.42 6.44 
18.50 389.36 8.91  36.00 437.34 6.43 
19.00 399.32 8.59  36.50 437.29 6.44 
19.50 409.27 8.25  37.00 437.20 6.42 
20.00 419.20 7.90  37.50 437.20 6.42 
20.50 429.15 7.55  38.00 437.15 6.42 
21.00 439.13 7.27  38.50 437.12 6.41 
21.50 449.05 7.06  39.00 437.09 6.41 
22.00 455.49 6.89  39.50 437.20 6.42 
22.50 455.53 6.77  40.00 437.22 6.42 
23.00 453.80 6.70  40.50 437.22 6.41 
23.50 451.79 6.65  41.00 437.24 6.39 
24.00 449.87 6.62  41.50 437.22 6.40 
24.50 448.16 6.59  42.00 437.21 6.40 
25.00 446.67 6.58  42.50 437.23 6.39 
25.50 445.33 6.57  43.00 437.22 6.39 
26.00 444.14 6.56  43.50 437.20 6.38 
26.50 443.14 6.56  44.00 437.17 6.38 
27.00 442.22 6.56  44.50 437.17 6.37 
27.50 441.46 6.54  45.00 437.18 6.37 
28.00 440.85 6.53  45.50 437.19 6.37 
28.50 440.28 6.53  46.00 437.17 6.36 
29.00 439.81 6.53  46.50 437.19 6.36 
29.50 439.40 6.52  47.00 437.17 6.35 
30.00 439.04 6.51  47.50 437.19 6.35 
30.50 438.78 6.50  48.00 437.16 6.34 
31.00 438.48 6.52  48.50 437.18 6.34 
31.50 438.28 6.51  49.00 437.16 6.33 
32.00 438.08 6.51  49.50 437.17 6.33 
32.50 437.88 6.49  50.00 437.17 6.33 
33.00 437.75 6.48  50.50 437.19 6.32 
33.50 437.65 6.47  51.00 437.19 6.32 
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TGA  results generated using a heating rate of 20 °C/min to determine the isothermal kinetic at 
480°C condition of chlorinating ZrF4 with MgCl2 
Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
 Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
16.50 350.78 10.06  34.00 466.86 6.73 
17.00 360.86 10.06  34.50 466.73 6.73 
17.50 370.88 10.05  35.00 466.64 6.72 
18.00 380.76 9.95  35.50 466.52 6.72 
18.50 390.56 9.58  36.00 466.51 6.70 
19.00 400.45 9.22  36.50 466.40 6.71 
19.50 410.42 8.87  37.00 466.35 6.70 
20.00 420.35 8.50  37.50 466.25 6.69 
20.50 430.34 8.17  38.00 466.26 6.69 
21.00 440.31 7.92  38.50 466.19 6.69 
21.50 450.20 7.73  39.00 466.19 6.69 
22.00 460.15 7.59  39.50 466.14 6.68 
22.50 469.99 7.45  40.00 466.12 6.67 
23.00 479.77 7.30  40.50 466.10 6.68 
23.50 484.67 7.19  41.00 466.06 6.67 
24.00 484.07 7.10  41.50 466.10 6.68 
24.50 482.34 7.04  42.00 466.06 6.67 
25.00 480.38 6.99  42.50 466.07 6.67 
25.50 478.52 6.95  43.00 466.06 6.67 
26.00 476.80 6.91  43.50 466.07 6.67 
26.50 475.33 6.88  44.00 466.11 6.67 
27.00 474.01 6.86  44.50 466.09 6.66 
27.50 472.86 6.85  45.00 466.10 6.66 
28.00 471.90 6.83  45.50 466.11 6.67 
28.50 471.04 6.83  46.00 466.03 6.66 
29.00 470.36 6.79  46.50 466.05 6.67 
29.50 469.75 6.78  47.00 466.02 6.66 
30.00 469.25 6.77  47.50 466.07 6.67 
30.50 468.78 6.76  48.00 466.09 6.67 
31.00 468.36 6.76  48.50 466.03 6.67 
31.50 467.90 6.76  49.00 466.05 6.67 
32.00 467.60 6.75  49.50 466.07 6.67 
32.50 467.35 6.75  50.00 466.05 6.67 
33.00 467.18 6.74  50.50 466.08 6.66 
33.50 466.98 6.74  51.00 466.04 6.66 
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TGA  results generated using a heating rate of 20 °C/min to determine the isothermal kinetic at 
500°C condition of chlorinating ZrF4 with MgCl2 
Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
 Time 
(minutes) 
Temperature 
(°C) 
Mass 
(mg) 
14.00 299.45 9.34  28.50 493.00 6.37 
14.50 309.71 9.31  29.00 492.06 6.35 
15.00 319.92 9.29  29.50 491.21 6.35 
15.50 330.13 9.27  30.00 490.45 6.34 
16.00 340.26 9.25  30.50 489.87 6.32 
16.50 350.39 9.23  31.00 489.31 6.32 
17.00 360.50 9.21  31.50 488.86 6.31 
17.50 370.54 9.20  32.00 488.43 6.30 
18.00 380.64 9.18  32.50 488.08 6.30 
18.50 390.36 8.96  33.00 487.76 6.29 
19.00 400.27 8.65  33.50 487.53 6.28 
19.50 410.24 8.33  34.00 487.29 6.28 
20.00 420.15 7.99  34.50 487.16 6.26 
20.50 430.08 7.67  35.00 487.01 6.25 
21.00 440.04 7.40  36.00 486.81 6.23 
21.50 450.00 7.20  36.50 486.72 6.22 
22.00 459.94 7.04  37.00 486.62 6.21 
22.50 469.81 6.91  37.50 486.59 6.20 
23.00 479.67 6.80  38.00 486.49 6.20 
23.50 489.58 6.69     
24.00 499.39 6.60     
24.50 504.82 6.52     
25.00 504.25 6.46     
25.50 502.43 6.43     
26.00 500.44 6.42     
26.50 498.50 6.41     
27.00 496.84 6.40     
27.50 495.37 6.39     
28.00 494.11 6.38     
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Appendix B: Purification experimental data 
 
B.1. Material balance 
 
Material balance of chlorinating ZrF4 with MgCl2 (in gram) 
 
Run 1 @ 
400°C 
Run 2 @ 
400°C 
Run 3 @ 
450°C 
Run 4 @ 
450°C 
Run 5 @ 
500°C 
Run 6 @ 
500°C 
Mass of reactants placed into the reactor 
ZrF4  4.00 4.01 4.18 4.06 4.03 4.13 
MgCl2  4.61 4.68 4.80 4.85 4.70 4.85 
Total mixture  8.61 8.69 8.98 8.91 8.73 8.98 
Mass of products recovered from the reactor 
Sublimed 
products  2.40 2.41 2.64 2.84 2.85 3.00 
Reaction zone 
residue 4.68 4.68 4.64 4.34 4.28 4.47 
Total 
recovered  7.08 7.09 7.28 7.18 7.13 7.47 
       Material lost 1.53 1.60 1.70 1.73 1.60 1.51 
 
 
Material balance of chlorinating ZrF4 with a mixture of MgCl2 and KCl (in gram) 
 
Run 7 @ 
400°C 
Run 8 @ 
400°C 
Run 9 @ 
450°C 
Run 10 @ 
450°C 
Run 11 @ 
500°C 
Run 12 @ 
500°C 
Mass of reactants placed into the reactor 
ZrF4 4.11 4.18 4.12 4.04 4.00 4.00 
MgCl2 4.81 4.89 4.85 4.89 4.62 4.67 
KCl 1.57 1.79 1.6 1.51 1.58 1.52 
Total mixture 10.49 10.86 10.57 10.44 10.2 10.19 
Mass of products recovered from the reactor 
Sublimed 
product 0.91 1.41 0.36 0.3 1.51 1.42 
Reaction zone 
residue  8.16 7.69 8.67 8.67 7.45 7.41 
Total 
recovered 9.07 9.1 9.03 8.97 8.96 8.83 
       Material lost 1.42 1.76 1.54 1.47 1.24 1.36 
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Material balance of chlorinating ZrF4 with a mixture of MgCl2 and LiCl (in gram) 
 
Run 13 @ 
400°C 
Run 14 @ 
400°C 
Run 15 @ 
450°C 
Run 16 @ 
450°C 
Run 17 @ 
500°C 
Run 18 @ 
500°C 
Mass of reactants placed into the reactor 
ZrF4 4.02 4.04 4.02 4.02 4.12 4.13 
MgCl2 4.64 4.66 4.66 4.74 4.78 4.85 
LiCl 1.31 1.33 1.58 1.48 1.52 1.50 
Total mixture 9.97 10.03 10.26 10.24 10.42 10.48 
Mass of products recovered from the reactor 
Sublimed 
product 1.67 1.60 2.12 2.60 2.87 2.75 
Reaction zone 
residue  6.17 6.13 6.25 6.00 6.17 6.12 
Total 
recovered 7.84 7.73 8.37 8.6 9.04 8.87 
       Material lost 2.13 2.30 1.89 1.64 1.38 1.61 
 
Material balance of chlorinating ZrF4 with a mixture of MgCl2 and NaCl (in gram) 
 
Run 19 @ 
400°C 
Run 20 @ 
400°C 
Run 21 @ 
450°C 
Run 22 @ 
450°C 
Run 23 @ 
500°C 
Run 24 @ 
500°C 
Mass of reactants placed into the reactor 
ZrF4 4.05 4.00 4.04 4.11 4.11 4.08 
MgCl2 4.74 4.93 4.75 4.81 4.87 4.71 
NaCl 1.30 1.34 1.49 1.43 1.42 1.45 
Total mixture 10.09 10.27 10.28 10.35 10.4 10.24 
Mass of products recovered from the reactor 
Sublimed 
product 0.69 0.44 1.33 2.00 2.90 2.18 
Reaction zone 
residue  8.01 8.55 6.64 6.85 6.14 6.33 
Total 
recovered 8.7 8.99 7.97 8.85 9.04 8.51 
       Material lost 1.39 1.28 2.31 1.50 1.36 1.73 
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Appendix C: Analytical results 
 
C.1. Chlorination of ZrF4 with MgCl2: Analytical results 
 
Analytical results of  ZrF4 that was chlorinated at 400 °C with MgCl2 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 1 Run 2 Average 
Aluminium (Al) 983 584 783.5 1.85 x10
-03
 
Calcium (Ca) 226 171 198.5 4.69 x10
-04
 
Chromium (Cr) 1388 1015 1201.5 2.84 x10
-03
 
Hafnium (Hf) 11364 10029 10696.5 2.53 x10
-02
 
Iron (Fe) 7709 7261 7485 1.77 x10
-02
 
Manganese (Mn) 167 179 173 4.09 x10
-04
 
Nickel (Ni) 753 804 778.5 1.84 x10
-03
 
Titanium (Ti) 63 66 64.5 1.52 x10
-04
 
Uranium (U) 395 400 397.5 9.39 x10
-04
 
Zirconium (Zr) 440000 407000 423500 1.00 x10
00
 
 
 
Analytical results of the Sublimed Product collected after chlorinating ZrF4 with MgCl2 at 
400 °C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 1 Run 2 Average 
Aluminium (Al) 65.5 25 45.25 1.27 x10
-04
 
Calcium (Ca) 6 6 6 1.69 x10
-05
 
Chromium (Cr) 25 31 28 7.89 x10
-05
 
Hafnium (Hf) 6850 7265 7057.5 1.99 x10
-02
 
Iron (Fe) 56 249 152.5 4.30 x10
-04
 
Manganese (Mn) 25 25 25 7.04 x10
-05
 
Nickel (Ni) 25 65.5 45.25 1.27 x10
-04
 
Titanium (Ti) 25 25 25 7.04 x10
-05
 
Uranium (U) 150 150 150 4.23 x10
-04
 
Zirconium (Zr) 348500 361500 355000 1.00 x10
00
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Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with MgCl2 at 
400°C 
Elements 
Concentration (mg/kg) 
[metal]/ [Zr] Run 1 Run 2 Average 
Aluminium (Al) 171 25 98 2.39 x10
-03
 
Calcium (Ca) 25 25 25 6.11 x10
-04
 
Chromium (Cr) 886 967 926.5 2.26 x10
-02
 
Hafnium (Hf) 1958 1821 1889.5 4.61 x10
-02
 
Iron (Fe) 3210 1496 2353 5.75 x10
-02
 
Manganese (Mn) 117 117 117 2.86 x10
-03
 
Nickel (Ni) 556 594 575 1.40 x10
-02
 
Titanium (Ti) 25 25 25 6.11 x10
-04
 
Uranium (U) 186 150 168 4.10 x10
-03
 
Zirconium (Zr) 40000 41900 40950 1.00 x10
00
 
 
 
Analytical results of  ZrF4 that was chlorinated at 450°C with MgCl2 
Elements  
Concentrations (mg/kg)  
[metal]/ [Zr] Run 3 Run 4 Average 
Aluminium (Al) 998 655 826.5 2.09 x10
-03
 
Calcium (Ca) 226 232 229 5.79 x10
-04
 
Chromium (Cr) 1809 1834 1821.5 4.60 x10
-03
 
Hafnium (Hf) 9572 9193 9382.5 2.37 x10
-02
 
Iron (Fe) 7972 8565 8268.5 2.09 x10
-02
 
Manganese (Mn) 183 218 200.5 5.07 x10
-04
 
Nickel (Ni) 966 1091 1028.5 2.60 x10
-03
 
Titanium (Ti) 80 127 103.5 2.62 x10
-04
 
Uranium (U) 407 411 409 1.03 x10
-03
 
Zirconium (Zr) 400000 391500 395750 1.00 x10
00
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Analytical results of the Sublimed Product collected after chlorinating ZrF4 with MgCl2 at 450°C 
Elements  
Concentration (mg/kg) 
[metal]/ [Zr] Run 3 Run 4 Average 
Aluminium (Al) 111 25 68 1.94 x10
-04
 
Calcium (Ca) 5 5 5 1.43 x10
-05
 
Chromium (Cr) 25 66.5 45.75 1.31 x10
-04
 
Hafnium (Hf) 7975.5 7457 7716.25 2.20 x10
-02
 
Iron (Fe) 670.5 628.5 649.5 1.86 x10
-03
 
Manganese (Mn) 25 25 25 7.14 x10
-05
 
Nickel (Ni) 25 25 25 7.14 x10
-05
 
Titanium (Ti) 25 46 35.5 1.01 x10
-04
 
Uranium (U) 150 150 150 4.29 x10
-04
 
Zirconium (Zr) 344100 356000 350050 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with MgCl2 at 
450°C 
Elements 
Concentration (mg/kg)   
[metal]/ [Zr] Run 3 Run 4 Average 
Aluminium (Al) 25 25 25 1.27 x10
-03
 
Calcium (Ca) 127 116 121.5 6.19 x10
-03
 
Chromium (Cr) 1133 1456 1294.5 6.59 x10
-02
 
Hafnium (Hf) 1050 1104 1077 5.48 x10
-02
 
Iron (Fe) 5520 2228 3874 1.97 x10
-01
 
Manganese (Mn) 116 166 141 7.18 x10
-03
 
Nickel (Ni) 699 803 751 3.82 x10
-02
 
Titanium (Ti) 25 25 25 1.27 x10
-03
 
Uranium (U) 225 186 205.5 1.05 x10
-02
 
Zirconium (Zr) 35900 3380 19640 1.00 x10
00
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Analytical results of  ZrF4 that was chlorinated at 500°C with MgCl2 
Elements 
Concentration (mg/kg)   
[metal]/ [Zr] Run 5 Run 6 Average 
Aluminium (Al) 590 998 794 2.05 x10
-03
 
Calcium (Ca) 208 226 217 5.61 x10
-04
 
Chromium (Cr) 1697 1809 1753 4.53 x10
-03
 
Hafnium (Hf) 8256 9572 8914 2.30 x10
-02
 
Iron (Fe) 7941 7972 7956.5 2.06 x10
-02
 
Manganese (Mn) 181 183 182 4.70 x10
-04
 
Nickel (Ni) 966 966 966 2.50 x10
-03
 
Titanium (Ti) 84 80 82 2.12 x10
-04
 
Uranium (U) 342 407 374.5 9.68 x10
-04
 
Zirconium (Zr) 373800 400000 386900 1.00 x10
00
 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with MgCl2 at 500°C 
Elements  
Concentration (mg/kg) 
[metal]/ [Zr] Run  5 Run 6 Average 
Aluminium (Al) 56 121 88.5 2.58 x10
-04
 
Calcium (Ca) 7 5 6 1.75 x10
-05
 
Chromium (Cr) 25 25 25 7.28 x10
-05
 
Hafnium (Hf) 7727.5 7759.5 7743.5 2.26 x10
-02
 
Iron (Fe) 1468.5 2255.5 1862 5.43 x10
-03
 
Manganese (Mn) 25 25 25 7.28 x10
-05
 
Nickel (Ni) 42 59.5 50.75 1.48 x10
-04
 
Titanium (Ti) 25 25 25 7.28 x10
-05
 
Uranium (U) 150 150 150 4.37 x10
-04
 
Zirconium (Zr) 344750 341600 343175 1.00 x10
00
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Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with MgCl2 at 
500°C 
Elements  
Concentration (mg/kg) 
  
[metal]/ [Zr] Run 5 Run 6 Average 
Aluminium (Al) 25 25 25 7.46 x10
-04
 
Calcium (Ca) 158 155 156.5 4.67 x10
-03
 
Chromium (Cr) 1688 1929 1808.5 5.40 x10
-02
 
Hafnium (Hf) 970 1227 1098.5 3.28 x10
-02
 
Iron (Fe) 7065 7025 7045 2.10 x10
-01
 
Manganese (Mn) 148 205 176.5 5.27 x10
-03
 
Nickel (Ni) 890 1258 1074 3.21 x10
-02
 
Titanium (Ti) 25 25 25 7.46 x10
-04
 
Uranium (U) 283 330 306.5 9.15 x10
-03
 
Zirconium (Zr) 29100 37900 33500 1.00 x10
00
 
 
 
 
C.2. Chlorination of ZrF4 with a mixture of MgCl2 and KCl: Analytical results 
 
Analytical results of  ZrF4 that was chlorinated at 400 °C with a mixture of MgCl2 and KCl 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 7 Run 8 Average 
Aluminium (Al) 929 905 917 2.29 x10
-03
 
Calcium (Ca) 327 327 327 8.18 x10
-04
 
Chromium (Cr) 1517 1575 1546 3.87 x10
-03
 
Hafnium (Hf) 10900 10300 10600 2.65 x10
-02
 
Iron (Fe) 6113 6931 6522 1.63 x10
-02
 
Manganese (Mn) 178 185 181.5 4.54 x10
-04
 
Nickel (Ni) 832 870 851 2.13 x10
-03
 
Titanium (Ti) 59 58 58.5 1.46 x10
-04
 
Uranium (U) 406 407 406.5 1.02 x10
-03
 
Zirconium (Zr) 402000 398000 400000 1.00 x10
00
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Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 400°C 
Elements  
Concentration (mg/kg) 
[metal]/ [Zr] Run 7 Run 8 Average 
Aluminium (Al) 751 231 491 1.37 x10
-03
 
Calcium (Ca) 5 5 5 1.39 x10
-05
 
Chromium (Cr) 52.5 68 60.25 1.68 x10
-04
 
Hafnium (Hf) 6736 7336 7036 1.96 x10
-02
 
Iron (Fe) 4299.5 5020 4659.75 1.30 x10
-02
 
Manganese (Mn) 46 25 35.5 9.90 x10
-05
 
Nickel (Ni) 25 29 27 7.53 x10
-05
 
Titanium (Ti) 25 25 25 6.97 x10
-05
 
Uranium (U) 150 150 150 4.18 x10
-04
 
Zirconium (Zr) 347000 370000 358500 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 400°C 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 7 Run 8 Average 
Aluminium (Al) 41 48 44.5 4.84 x10
-04
 
Calcium (Ca) 5 5 5 5.43 x10
-05
 
Chromium (Cr) 365 327 346 3.76 x10
-03
 
Hafnium (Hf) 2304 1874 2089 2.27 x10
-02
 
Iron (Fe) 3204 2640 2922 3.18 x10
-02
 
Manganese (Mn) 50 47 48.5 5.27 x10
-04
 
Nickel (Ni) 228 216 222 2.41 x10
-03
 
Titanium (Ti) 25 25 25 2.72 x10
-04
 
Uranium (U) 150 150 150 1.63 x10
-03
 
Zirconium (Zr) 89100 94900 92000 1.00 x10
00
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Analytical results of  ZrF4 that was chlorinated at 450 °C with a mixture of MgCl2 and KCl 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 9 Run 10 Average 
Aluminium (Al) 830 740 785 2.11 x10
-03
 
Calcium (Ca) 206 201 203.5 5.46 x10
-04
 
Chromium (Cr) 4372 4776 4574 1.23 x10
-02
 
Hafnium (Hf) 9050 9618 9334 2.51 x10
-02
 
Iron (Fe) 18126 19355 18740.5 5.03 x10
-02
 
Manganese (Mn) 451 435 443 1.19 x10
-03
 
Nickel (Ni) 2300 2249 2274.5 6.11 x10
-03
 
Titanium (Ti) 215 25 120 3.22 x10
-04
 
Uranium (U) 421 497 459 1.23 x10
-03
 
Zirconium (Zr) 351000 394000 372500 1.00 x10
00
 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 450°C 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 9 Run 10 Average 
Aluminium (Al) 602 98 350 1.13 x10
-03
 
Calcium (Ca) 15 5 10 3.21 x10
-05
 
Chromium (Cr) 500 68 284 9.13 x10
-04
 
Hafnium (Hf) 7018 6950 6984 2.24 x10
-02
 
Iron (Fe) 13438 25 6731.5 2.16 x10
-02
 
Manganese (Mn) 34 25 29.5 9.48 x10
-05
 
Nickel (Ni) 313 25 169 5.43 x10
-04
 
Titanium (Ti) 50 25 37.5 1.21 x10
-04
 
Uranium (U) 152 150 151 4.85 x10
-04
 
Zirconium (Zr) 291000 331200 311100 1.00 x10
00
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Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 450°C 
Elements  
Concentrations (mg/kg)  
[metal]/ [Zr] Run 9 Run 10 Average 
Aluminium (Al) 25 25 25 2.00 x10
-04
 
Calcium (Ca) 99 5 52 4.16 x10
-04
 
Chromium (Cr) 3499 3450 3474.5 2.78 x10
-02
 
Hafnium (Hf) 3311 3133 3222 2.58 x10
-02
 
Iron (Fe) 12428 12728 12578 1.01 x10
-01
 
Manganese (Mn) 308 25 166.5 1.33 x10
-03
 
Nickel (Ni) 1399 25 712 5.70 x10
-03
 
Titanium (Ti) 25 25 25 2.00 x10
-04
 
Uranium (U) 246 312 279 2.23 x10
-03
 
Zirconium (Zr) 116000 133800 124900 1.00 x10
00
 
 
 
Analytical results of  ZrF4 that was chlorinated at 500 °C with a mixture of MgCl2 and KCl 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 11 Run 12 Average 
Aluminium (Al) 640 802 721 2.00 x10
-03
 
Calcium (Ca) 181 204 192.5 5.34 x10
-04
 
Chromium (Cr) 4059 4572 4315.5 1.20 x10
-02
 
Hafnium (Hf) 8840 9106 8973 2.49 x10
-02
 
Iron (Fe) 16012 19125 17568.5 4.87 x10
-02
 
Manganese (Mn) 411 466 438.5 1.22 x10
-03
 
Nickel (Ni) 2053 2371 2212 6.14 x10
-03
 
Titanium (Ti) 186 224 205 5.69 x10
-04
 
Uranium (U) 487 408 447.5 1.24 x10
-03
 
Zirconium (Zr) 365000 356000 360500 1.00 x10
00
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Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 500°C 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 11 Run 12 Average 
Aluminium (Al) 54 25 39.5 1.16 x10
-04
 
Calcium (Ca) 15 5 10 2.93 x10
-05
 
Chromium (Cr) 192 87 139.5 4.09 x10
-04
 
Hafnium (Hf) 7372 7628 7500 2.20 x10
-02
 
Iron (Fe) 3703 4153 3928 1.15 x10
-02
 
Manganese (Mn) 34 25 29.5 8.65 x10
-05
 
Nickel (Ni) 452 164 308 9.03 x10
-04
 
Titanium (Ti) 54 68 61 1.79 x10
-04
 
Uranium (U) 150 150 150 4.40 x10
-04
 
Zirconium (Zr) 318000 364000 341000 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and KCl at 500°C 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 11 Run 12 Average 
Aluminium (Al) 25 71 48 4.53 x10
-04
 
Calcium (Ca) 108 94 101 9.53 x10
-04
 
Chromium (Cr) 3698 2953 3325.5 3.14 x10
-02
 
Hafnium (Hf) 2961 3128 3044.5 2.87 x10
-02
 
Iron (Fe) 15080 13038 14059 1.33 x10
-01
 
Manganese (Mn) 329 278 303.5 2.86 x10
-03
 
Nickel (Ni) 1527 1169 1348 1.27 x10
-02
 
Titanium (Ti) 25 25 25 2.36 x10
-04
 
Uranium (U) 320 236 278 2.62 x10
-03
 
Zirconium (Zr) 103000 109000 106000 1.00 x10
00
 
 
 
 
  
Appendix C  Analytical results     
146 
 
C.3. Chlorination of ZrF4 with a mixture of MgCl2 and LiCl: Analytical results 
 
Analytical results of  ZrF4 that was chlorinated at 400 °C with a mixture of MgCl2 and LiCl 
Elements  
Concentration (mg/kg)   
[metal]/ [Zr] Run 13 Run 14 Average 
Aluminium (Al) 847 917 882 2.27 x10
-03
 
Calcium (Ca) 192 211 201.5 5.18 x10
-04
 
Chromium (Cr) 1300 1466 1383 3.56 x10
-03
 
Hafnium (Hf) 9707 10900 10303.5 2.65 x10
-02
 
Iron (Fe) 6341 7519 6930 1.78 x10
-02
 
Manganese (Mn) 165 188 176.5 4.54 x10
-04
 
Nickel (Ni) 742 839 790.5 2.03 x10
-03
 
Titanium (Ti) 43 25 34 8.74 x10
-05
 
Uranium (U) 408 480 444 1.14 x10
-03
 
Zirconium (Zr) 369000 409000 389000 1.00 x10
00
 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 400°C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 13 Run 14 Average 
Aluminium (Al) 26.5 511 268.75 7.26 x10
-04
 
Calcium (Ca) 2.5 133 67.75 1.83 x10
-04
 
Chromium (Cr) 123 33.5 78.25 2.11 x10
-04
 
Hafnium (Hf) 9861 9125 9493 2.56 x10
-02
 
Iron (Fe) 544.5 398.5 471.5 1.27 x10
-03
 
Manganese (Mn) 25 25 25 6.75 x10
-05
 
Nickel (Ni) 98 30.5 64.25 1.74 x10
-04
 
Titanium (Ti) 25 25 25 6.75 x10
-05
 
Uranium (U) 150 150 150 4.05 x10
-04
 
Zirconium (Zr) 375000 365500 370250 1.00 x10
00
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Analytical results of  ZrF4 that was chlorinated at 450 °C with a mixture of MgCl2 and LiCl 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 15 Run 16 Average 
Aluminium (Al) 687 767 727 1.87 x10
-03
 
Calcium (Ca) 201 189 195 5.02 x10
-04
 
Chromium (Cr) 4393 4268 4330.5 1.11 x10
-02
 
Hafnium (Hf) 9220 8838 9029 2.32 x10
-02
 
Iron (Fe) 17551 16855 17203 4.43 x10
-02
 
Manganese (Mn) 439 431 435 1.12 x10
-03
 
Nickel (Ni) 2215 2139 2177 5.60 x10
-03
 
Titanium (Ti) 206 204 205 5.28 x10
-04
 
Uranium (U) 407 484 445.5 1.15 x10
-03
 
Zirconium (Zr) 414000 363000 388500 1.00 x10
00
 
 
  
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 400°C 
Elements  
Concentration (mg/kg)   
[metal]/ [Zr] Run 13 Run 14 Average 
Aluminium (Al) 57 49 53 1.18 x10
-03
 
Calcium (Ca) 86 96 91 2.02 x10
-03
 
Chromium (Cr) 963 976 969.5 2.16 x10
-02
 
Hafnium (Hf) 1522 1886 1704 3.79 x10
-02
 
Iron (Fe) 3359 3538 3448.5 7.67 x10
-02
 
Manganese (Mn) 108 110 109 2.42 x10
-03
 
Nickel (Ni) 558 551 554.5 1.23 x10
-02
 
Titanium (Ti) 25 25 25 5.56 x10
-04
 
Uranium (U) 180 189 184.5 4.10 x10-
03
 
Zirconium (Zr) 41100 48800 44950 1.00 x10
00
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Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 450°C 
Elements 
Concentrations (mg/kg) 
[metal]/ [Zr] Run 15 Run 16 Average 
Aluminium (Al) 25 25 25 7.35 x10
-05
 
Calcium (Ca) 5 19 12 3.53 x10
-05
 
Chromium (Cr) 29.5 25 27.25 8.01 x10
-05
 
Hafnium (Hf) 7702 7564 7633 2.25 x10
-02
 
Iron (Fe) 664.5 622 643.25 1.89 x10
-03
 
Manganese (Mn) 25 25 25 7.35 x10
-05
 
Nickel (Ni) 25 25 25 7.35 x10
-05
 
Titanium (Ti) 48.5 52 50.25 1.48 x10
-04
 
Uranium (U) 150 150 150 4.41 x10
-04
 
Zirconium (Zr) 337000 343000 340000 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 450°C 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 15 Run 16 Average 
Aluminium (Al) 25 25 25 6.10 x10
-04
 
Calcium (Ca) 107 84 95.5 2.33 x10
-03
 
Chromium (Cr) 2548 2815 2681.5 6.54 x10
-02
 
Hafnium (Hf) 1309 1575 1442 3.52 x10
-02
 
Iron (Fe) 9086 9816 9451 2.31 x10
-01
 
Manganese (Mn) 260 282 271 6.61 x10
-03
 
Nickel (Ni) 1340 1486 1413 3.45 x10
-02
 
Titanium (Ti) 25 25 25 6.10 x10
-04
 
Uranium (U) 249 201 225 5.49 x10
-03
 
Zirconium (Zr) 33400 48600 41000 1.00 x10
00
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Analytical results of  ZrF4 that was chlorinated at 500 °C with a mixture of MgCl2 and LiCl 
Elements  
Concentrations (mg/kg)   
[metal]/ [Zr] Run 17 Run 18 Average 
Aluminium (Al) 733 697 715 1.93 x10
-03
 
Calcium (Ca) 196 178 187 5.05 x10
-04
 
Chromium (Cr) 4205 4216 4210.5 1.14 x10
-02
 
Hafnium (Hf) 8860 8651 8755.5 2.37 x10
-02
 
Iron (Fe) 17524 18072 17798 4.81 x10
-02
 
Manganese (Mn) 421 419 420 1.14 x10
-03
 
Nickel (Ni) 2131 2142 2136.5 5.77 x10
-03
 
Titanium (Ti) 196 191 193.5 5.23 x10
-04
 
Uranium (U) 326 401 363.5 9.82 x10
-04
 
Zirconium (Zr) 379000 361000 370000 1.00 x10
00
 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 500°C 
Elements  
Concentrations (mg/kg) 
  
[metal]/ [Zr] Run 17 Run 18 Average 
Aluminium (Al) 25 25 25 7.53 x10
-05
 
Calcium (Ca) 5 5 5 1.51 x10
-05
 
Chromium (Cr) 25 25 25 7.53 x10
-05
 
Hafnium (Hf) 7543 7677 7610 2.29 x10
-02
 
Iron (Fe) 2491 2392 2441.5 7.35 x10
-03
 
Manganese (Mn) 25 25 25 7.53 x10
-05
 
Nickel (Ni) 104 96 100 3.01 x10
-04
 
Titanium (Ti) 65 51 58 1.75 x10
-04
 
Uranium (U) 150 150 150 4.52 x10
-04
 
Zirconium (Zr) 330000 334000 332000 1.00 x10
00
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Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and LiCl at 500°C 
Elements  
Concentration (mg/kg)   
[metal]/ [Zr] Run 17 Run 18 Average 
Aluminium (Al) 25 25 25 7.17 x10
-04
 
Calcium (Ca) 111 228 169.5 4.86 x10
-03
 
Chromium (Cr) 2997 2981 2989 8.58 x10
-02
 
Copper 145 143 144 4.13 x10
-03
 
Iron (Fe) 12577 14955 13766 3.95 x10
-01
 
Manganese (Mn) 290 322 306 8.78 x10
-03
 
Nickel (Ni) 1438 1446 1442 4.14 x10
-02
 
Titanium (Ti) 25 25 25 7.17 x10
-04
 
Uranium (U) 241 152 196.5 5.64 x10
-03
 
Zirconium (Zr) 37800 31900 34850 1.00 x10
00
 
 
 
C.4. Chlorination of ZrF4 with a mixture of MgCl2 and NaCl: Analytical results 
 
Analytical results of  ZrF4 that was chlorinated at 400 °C with a mixture of MgCl2 and NaCl 
Element  
Concentration (mg/kg) 
[metal]/ [Zr] Run 19 Run 20 Average 
Aluminium (Al) 705 943 824 2.02 x10
-03
 
Calcium (Ca) 192 201 196.5 4.83 x10
-04
 
Chromium (Cr) 1227 1544 1385.5 3.40 x10
-03
 
Hafnium (Hf) 10404 9779 10091.5 2.48 x10
-02
 
Iron (Fe) 6607 5717 6162 1.51 x10
-02
 
Manganese (Mn) 186 177 181.5 4.46 x10
-04
 
Nickel (Ni) 846 858 852 2.09 x10
-03
 
Titanium (Ti) 58 72 65 1.60 x10
-04
 
Uranium (U) 402 370 386 9.48 x10
-04
 
Zirconium (Zr) 402000 412000 407000 1.00 x10
00
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Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 400°C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 19 Run 20 Average 
Aluminium (Al) 25 648 336.5 9.05 x10
-04
 
Calcium (Ca) 8 26 17 4.57 x10
-05
 
Chromium (Cr) 25 43 34 9.14 x10
-05
 
Hafnium (Hf) 5775 5918 5846.5 1.57 x10
-02
 
Iron (Fe) 276 1861 1068.5 2.87 x10
-03
 
Manganese (Mn) 25 25 25 6.72 x10
-05
 
Nickel (Ni) 25 34 29.5 7.93 x10
-05
 
Titanium (Ti) 25 57 41 1.10 x10
-04
 
Uranium (U) 150 150 150 4.03 x10
-04
 
Zirconium (Zr) 382000 362000 372000 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 400°C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 19 Run 20 Average 
Aluminium (Al) 474 25 249.5 2.28 x10
-03
 
Calcium (Ca) 57 25 41 3.74 x10
-04
 
Chromium (Cr) 536 821 678.5 6.20 x10
-03
 
Hafnium (Hf) 2750 3181 2965.5 2.71 x10
-02
 
Iron (Fe) 1757 2310 2033.5 1.86 x10
-02
 
Manganese (Mn) 64 92 78 7.12 x10
-04
 
Nickel (Ni) 297 433 365 3.33 x10
-03
 
Titanium (Ti) 25 25 25 2.28 x10
-04
 
Uranium (U) 150 158 154 1.41 x10
-03
 
Zirconium (Zr) 107000 112000 109500 1.00 x10
00
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Analytical results of  ZrF4 that was chlorinated at 450 °C with a mixture of MgCl2 and NaCl 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 21 Run 22 Average 
Aluminium (Al) 165 156 160.5 4.40 x10
-04
 
Calcium (Ca) 235 227 231 6.33 x10
-04
 
Chromium (Cr) 1563 1462 1512.5 4.14 x10
-03
 
Hafnium (Hf) 9635 9333 9484 2.60 x10
-02
 
Iron (Fe) 9491 9027 9259 2.54 x10
-02
 
Manganese (Mn) 250 240 245 6.71 x10
-04
 
Nickel (Ni) 1139 1102 1120.5 3.07 x10
-03
 
Titanium (Ti) 100 98 99 2.71 x10
-04
 
Uranium (U) 405 356 380.5 1.04 x10
-03
 
Zirconium (Zr) 362000 368000 365000 1.00 x10
00
 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 450°C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 21 Run 22 Average 
Aluminium (Al) 25 25 25 6.93 x10
-05
 
Calcium (Ca) 5 5 5 1.39 x10
-05
 
Chromium (Cr) 101 25 63 1.75 x10
-04
 
Hafnium (Hf) 8446 7714 8080 2.24 x10
-02
 
Iron (Fe) 4074 920 2497 6.92 x10
-03
 
Manganese (Mn) 25 25 25 6.93 x10
-05
 
Nickel (Ni) 147 25 86 2.38 x10
-04
 
Titanium (Ti) 46 32 39 1.08 x10
-04
 
Uranium (U) 150 150 150 4.16 x10
-04
 
Zirconium (Zr) 379200 342000 360600 1.00 x10
00
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Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 450°C 
Elements  
Concentrations (mg/kg) 
  
[metal]/ [Zr] Run 21 Run 22 Average 
Aluminium (Al) 278 205 241.5 4.66 x10
-03
 
Calcium (Ca) 120 119 119.5 2.31 x10
-03
 
Chromium (Cr) 2708 2212 2460 4.75 x10
-02
 
Hafnium (Hf) 2292 2017 2154.5 4.16 x10
-02
 
Iron (Fe) 10794 8682 9738 1.88 x10
-01
 
Manganese (Mn) 258 200 229 4.42 x10
-03
 
Nickel (Ni) 866 875 870.5 1.68 x10
-02
 
Titanium (Ti) 25 25 25 4.83 x10
-04
 
Uranium (U) 263 224 243.5 4.70 x10
-03
 
Zirconium (Zr) 59700 43900 51800 1.00 x10
00
 
 
 
Analytical results of  ZrF4 that was chlorinated at 500 °C with a mixture of MgCl2 and NaCl 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 23 Run 24 Average 
Aluminium (Al) 217 695 456 1.21 x10
-03
 
Calcium (Ca) 388 182 285 7.57 x10
-04
 
Chromium (Cr) 1532 4375 2953.5 7.84 x10
-03
 
Hafnium (Hf) 9257 9179 9218 2.45 x10
-02
 
Iron (Fe) 9178 17878 13528 3.59 x10
-02
 
Manganese (Mn) 238 401 319.5 8.48 x10
-04
 
Nickel (Ni) 1123 2071 1597 4.24 x10
-03
 
Titanium (Ti) 138 25 81.5 2.16 x10
-04
 
Uranium (U) 363 438 400.5 1.06 x10
-03
 
Zirconium (Zr) 365000 388200 376600 1.00 x10
00
 
 
 
  
Appendix C  Analytical results     
154 
 
 
Analytical results of Sublimed Products collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 500°C 
elements 
Concentrations (mg/kg) 
[metal]/ [Zr] Run 23 Run 24 Average 
Aluminium (Al) 25 25 25 7.49 x10
-05
 
Calcium (Ca) 5 5 5 1.50 x10
-05
 
Chromium (Cr) 25 25 25 7.49 x10
-05
 
Hafnium (Hf) 8166 8123 8144.5 2.44 x10
-02
 
Iron (Fe) 5430 1717 3573.5 1.07 x10
-02
 
Manganese (Mn) 25 25 25 7.49 x10
-05
 
Nickel (Ni) 168 25 96.5 2.89 x10
-04
 
Titanium (Ti) 73 25 49 1.47 x10
-04
 
Uranium (U) 150 150 150 4.49 x10
-04
 
Zirconium (Zr) 308000 359900 333950 1.00 x10
00
 
 
 
Analytical results of Reaction Zone Residue collected after chlorinating ZrF4 with a mixture of 
MgCl2 and NaCl at 500°C 
Elements  
Concentrations (mg/kg) 
[metal]/ [Zr] Run 23 Run 24 Average 
Aluminium (Al) 25 249 137 3.56 x10
-03
 
Calcium (Ca) 5 141 73 1.90 x10
-03
 
Chromium (Cr) 4858 2634 3746 9.73 x10
-02
 
Hafnium (Hf) 1455 1242 1348.5 3.50 x10
-02
 
Iron (Fe) 18057 11201 14629 3.80 x10
-01
 
Manganese (Mn) 386 245 315.5 8.19 x10
-03
 
Nickel (Ni) 25 1024 524.5 1.36 x10
-02
 
Titanium (Ti) 25 50 37.5 9.74 x10
-04
 
Uranium (U) 371 277 324 8.42 x10
-03
 
Zirconium (Zr) 44500 32500 38500 1.00 x10
00
 
 
 
 
